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ABSTRACT
In this study, ion-beam reactive sputtering has been used to
examine the reaction processes and the sputtering processes
relevant to the deposition of Nb and NbN thin films.
During reactive sputtering, the nitrogen surface coverage of
the target has been examined dynamically using ion scattering
spectroscopy (ISS). By comparing the measured results to a
model describing the nitrogen coverage at the target, we have
determined that the Nb target readily reacts with neutral N2
molecules, with the reaction rate limited by the N2 arrival
rate and sticking probability (which is close to one). The
ISS analysis also indicates that the target is nearly
completely covered with nitrogen when sufficient N2 is
present, which is much different than the expected surface
coverage when sputtering a compound target. Analysis of the
target surface using secondary-ion mass spectrometry (SIMS)
reveals that the nitrogen at the target chemically reacts with
the Nb, as indicated by the presence of sputtered nitrogen
containing molecules such as NbN÷.
By combining the model of the target reaction with an
expression describing the reaction of N2 molecules with the
depositing film, a complete model of the reactive sputtering
process is obtained. This model accurately describes the
observed dependence of the deposition rate and N2 pressure on
the N2 flow. An important result predicted by the model is
that the sputtered flux of N is greater than the sputtered
flux of Nb once the target has sufficiently reacted, again
much different than the expected conditions when sputtering a
compound target.
The energy and mass of ions emitted during sputtering have
been measured in order to allow a more direct correlation
between film properties and processing conditions. Sputtered
ions are observed to have energies nearly independent of the
incident ion energy or sputtering gas (argon or xenon).
Reflected argon ions are observed to have energies scaling
linearly with the incident ion energy E0. Differences in the
properties of Nb films deposited using either argon or xenon
gases can be directly related to the amount of energetic-
reflected-atom bombardment. Minimizing this bombardment by
sputtering with xenon gas maximizes the superconducting
critical temperature Tc, resulting in Tc's equivalent to the
bulk Nb value.
The properties of NbN films deposited on SiO 2 are also
dependent on the deposition parameters, but the Tc can not be
increased above -12 K by altering the sputtering conditions
alone. This generally low Tc (the Tc of bulk NbN is -16 K) is
thought to be due in part to the small grain size of these
films and to disorder, both induced mainly by the energetic
nature of the ion-beam sputtering process and the low
substrate temperature during growth. The films are also
nitrogen deficient, and simply adding more N2 gas is not
effective in improving the film properties.
The Tc of NbN can be increased by depositing on single crystal
MgO substrates, or by adding carbon during growth on heated
SiO2 or MgO substrates. When depositing on heated (<6000C) MgO
substrates with carbon added, single phase, cubic NbN with a
TC of 15.02 K is obtained, having a resistivity of 66 pfn-cm at
20 K. These are the best values ever reported for ion-beam
sputtered films. Because the addition of carbon to NbN films
deposited on unheated SiO2 results in no change of film
properties, it appears that the Tc of the unheated films
depends mostly on the microstructure or on order within the
grains, and is not being limited by the composition or failure
to obtain the right phase. The Tc of films deposited with
substrate heating, however, do appear to be limited by the
film composition and/or nitrogen ordering.
By applying an auxiliary plasma at the substrate during
reactive sputtering, films composed of 100% hexagonal 6' NbN
were obtained. The 6' phase is thought to be metastable, and
is not included in the equilibrium phase diagram. This phase
was found to be metallic and nonsuperconducting above 4.2 K;
this is the first report ever of the electrical properties of
the 6' phase.
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CHAPTER 1
INTRODUCTION
The reactive sputtering process is commonly used for the
deposition of thin films.1-5 Despite the wide use of this
deposition technique, many fundamental aspects of the process
are not fully understood. This is because reactive sputtering
is typically performed using diode or magnetron sputtering
systems, which do not allow independent control of the
sputtering process parameters. This makes it difficult to
analyze the process using these types of systems. Because of
this lack of understanding of the reactive sputtering process,
the optimization of film properties is usually a trial and
error process. It is generally not known exactly why certain
deposition conditions may produce desired film properties, or
possibly the desired properties may not be achieved at all due
to some limitation of the specific sputtering configuration
used.
In order to gain independent control of the reactive
sputtering process parameters, ion-beam reactive sputtering
can be utilized. The ion source provides independent control
of the sputtering current and voltage, and these can be
maintained constant as reactive gas is added. By adding
reactive gas to the system either through the ion source or
into the chamber directly, the reaction effects of the neutral
and ionized reactive species can be separated. The use of
ion-beam reactive sputtering then allows both the sputtering
processes and reaction processes to be examined in a
controlled manner.
Several aspects of the reactive sputtering process need to
be clarified. The issues of importance relating to the
reaction process are: 1) distinguishing the relative
importance of the substrate and target reactions in
controlling the film composition, and 2) determining the roles
of neutral reactive species and reactive ions in controlling
these reactions. With regard to the sputtering process, a
more complete knowledge of how the deposition conditions
affect the energy and mass of emitted species is necessary, in
order to fully understand the relationship between film
properties and deposition conditions.
Transition metal oxides, nitrides, and carbides are
commonly deposited using reactive sputtering techniques.
Niobium and niobium nitride are used as the materials for this
study because both are important for use in superconducting
14
integrated circuit devices,6-8 and these devices usually
require very specific film properties. The Nb-N system is also
fairly representative of other transition metal-nitrogen
systems. The superconducting properties of Nb and NbN are
very sensitive to changes in microstructure or composition,
which are controlled by the deposition conditions. Therefore,
the measurement of superconducting properties is useful for
detecting changes in the deposition conditions.
The recent discovery of high-temperature superconductors
such as Y1BazCu307 has greatly increased the interest in
superconductivity and in the use of superconducting thin films
for microelectronic applications. However, Nb and NbN are
presently (1990) superior in nearly all their superconducting
properties except the transition temperature.9',0 The new high
Tc superconducting materials are also often deposited using
reactive sputtering. However, the complexities involved in
studying a multi-component system make it inappropriate to use
Y1Ba2 Cu307 for a fundamental study of the reactive sputtering
process.
The work of this thesis is then an attempt to obtain a
better understanding of the reactive sputtering process,
utilizing ion-beam sputtering as a model technique for study,
and the niobium-nitrogen system as the materials system of
study. The principle areas of investigation to be presented
are:
1) analysis of the sputtering processes, by measuring the
energy and mass of emitted ions (Chapter 3), and relating
these findings to the properties of the deposited Nb and NbN
films (Chapters 6 & 7);
2) analysis of the reaction processes, by investigating the
relative importance of the substrate and target reactions in
controlling the film composition (Chapter 4);
3) analysis of the target reaction process, by direct
measurement of the nitrogen coverage of the sputtering target,
with a comparison of the effects of neutral nitrogen molecules
and nitrogen ions on the target reaction process; and
comparing these results to a reaction model to reveal the
nature of the reaction process (Chapter 4); and
4) modeling of the reactive sputtering process, by combining
the target reaction model with an expression describing the
reaction process at the growing film, which by comparison to
actual processing data accurately predicts the dependence of
the deposition rate and nitrogen pressure on the nitrogen flow
during reactive sputtering (Chapter 5).
This introductory Chapter will present a review of the
current work in the areas relevant to this study. Pertinent
aspects of the sputtering and reactive sputtering processes
will be described, followed by a brief description of results
from other studies of Nb and NbN film properties and their
dependence on deposition conditions.
1.1 INTRODUCTION TO THE SPUTTERING PROCESS AND SPUTTERING
METHODS
To sputter, as defined by Webster," is "to throw out in
small particles with haste and noise; to utter excitedly and
indistinctly"; from the second definition, it would seem that
all scientists have probably sputtered a few times during
their careers. Sputtering as used for thin film deposition
does entail the throwing out of small particles (atoms) with
haste,12 although the noise is not audible to the human ear, at
least not in my experience.
The general nature of the sputtering process is now
understood. '2-15 The process basically involves a series of
nearly elastic collisions between a projectile atom and target
atoms, similar to the break in a game of billiards, with the
billiard balls having a sticky coating which weakly holds them
together12 . The basic atomistics of the process are shown in
Fig. 1.1. A projectile atom, typically a noble gas ion such
as Ar÷, is accelerated towards the sputtering target. Upon
impact with the target, the projectile atom may 1) leave the
target by scattering (reflecting) backward, and transfer only
part of its energy to target atoms; or 2) remain embedded
(implanted) within the target, and so transfer all of its
energy to the target. The target atoms which receive
sufficient energy in the direction away from the target to
overcome their binding energy may leave the target and
reflected Ar
sputtered Nb
0 ARGON ATOM 0 NIOBIUM ATOM
Figure 1.1 Schematic illustration of the atomistic processes
occurring during sputtering. The dominant collision processes
of importance are shown, and include the sputtering of target
material, and reflection of incident gases.
traverse through the gas phase; these atoms have been
sputtered. The sputtered atoms generally will recondense on
the first solid surface they come in contact with, and in this
manner a film of the target material will grow, predominantly
atom-by-atom, on surfaces opposite to the target. Electrons
also will be emitted from the target during the sputtering
process, along with the sputtered target atoms and reflected
projectile atoms (photons are also emitted, but their effects
are typically ignored14'15).
In order to use sputtering as an effective deposition
technique, a large number of incident ions must strike the
target per second. The method used to generate the ion
bombardment is the distinguishing feature of the many
sputtering techniques utilized. The simplest experimental
set-up, that of dc diode sputtering, is shown in Fig. 1.2 (a).
The ions are generated in a glow discharge plasma, which is a
mixture of neutral gases, ions, and electrons sustained by an
applied potential1'"1 . The name diode is used to indicate that
this is a two-electrode discharge; the target is the negative
electrode, or cathode, and the substrate platform or entire
chamber is made the positive electrode or anode. The negative
bias applied to the target (typically around one thousand
volts) accelerates incoming positive ions, resulting in
sputtering, secondary electron emission, and noble gas
reflection. Electrons emitted from the target accelerate away
GND
to
vacuum
argon in
a)
GNO II
in
to
vacuum
argon in
to
vacuum
T-
GNO
Figure 1.2 Schematic illustrations of the (a) diode, (b)
triode, and (c) ion-beam sputtering configurations.
b)
c)
due to the negative potential, and may collide with gas atoms,
ionizing them. These emitted secondary electrons are then
mainly responsible for sustaining the plasma. In order to
sustain the plasma, the pressure must be controlled, and be
well below atmospheric pressure. Also, the sputtering gas
should be very pure in order to obtain a film of high purity.
So, the chamber is first evacuated to low pressure, and then
the required pressure is reached by flowing the sputtering gas
into the system. At this point, the potential is applied to
ignite the plasma and begin sputtering. The main parameters
describing the sputtering process in this case are the
sputtering pressure, the applied voltage, and the sputtering
(ion) current at the target. The power applied at the target
may be either dc or rf; rf power is necessary when sputtering
an insulating target to avoid a charge build-up at the
surface.
Other sputtering techniques commonly employed are
magnetron sputtering, triode sputtering, and ion-beam
sputtering. The difference between magnetron and diode
systems is the application of a magnetic field at the target.
The magnetic field and electric field combination very
effectively confines electrons, enabling more gas to be
ionized per electron, and so a higher sputtering current is
obtained at a lower sputtering voltage, and less secondary
electrons will bombard the substrate during film growth (see
ref. 15 for more details about magnet configurations used).
The magnetron therefore has the advantages of operating with
higher deposition rates, and with less electron and energetic
atom bombardment during growth than in diode systems. Because
of its good operational stability, it is generally the
preferred technique used for sputtering. As in the diode
configuration, the values of the sputtering current and
voltage are dependent on the electron emission from the target
and the gas pressure, and cannot be independently controlled.
In the triode sputtering arrangement, instead of relying
on secondary electrons emitted from the target to sustain the
plasma discharge, a third electrode (typically a hot filament
cathode) is used to inject electrons into the plasma. The
plasma is then sustained between the hot filament cathode and
an anode, with the target as the third electrode, which can be
biased independently (shown in simplified form in Fig. 1.2
(b)). This technique allows the more control over the process
parameters, compared to the diode and magnetron systems.
However, the hot filament makes the triode configuration less
rugged than the other methods. See ref. 16 for a complete
description of the triode sputtering technique.
The ion-beam sputtering technique, used in this study,
employs a confined ion-source which serves to produce the
plasma and to accelerate the ions towards the target; an ion-
beam sputtering configuration is shown schematically in Fig.
1.2 (c). In this case, the sputtering parameters are totally
independent of the target. The ion-beam technique offers the
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control of the triode system, with the advantage that no
target bias is necessary, and the energy and direction of the
incident ions are better defined. Having the plasma removed
from the target and substrate region is also advantageous for
reasons which will be discussed later. The operation of the
ion-source itself is described in the experimental section,
and complete explanations can be found in refs. 15 and 17.
1.2 FUNDAMENTAL ASPECTS OF THE SPUTTERING PROCESS
Fundamental aspects of the sputtering process (in terms of
the collision processes at the sputtering target) include 1)
the number of target atoms sputtered per incident ion (the
sputtering yield), 2) the number of incident ions reflected
per incident ion (reflection coefficient), and the 3) energy
and 4) mass of these sputtered and reflected particles.
1.2.1 SPUTTERING YIELD AND REFLECTION COEFFICIENT
The interaction of the incident ion with the sputtering
target generally results in a series of collisions between
neighboring target atoms, referred to as a collision cascade.
Most of the sputtered species originate from collisions with
neighboring target atoms (collision-cascade sputtering),
although some target atoms are ejected by direct impact with
an incident ion (direct recoil sputtering). The sputtering
23
yield is then an average quantity (as is the reflection
coefficient), which does not differentiate between the
different atom-ejection mechanisms.
Sputtering yields have been measured for a variety of ion-
target combinations (see refs. 13 and 14), and the sputtering
yield is found to depend on the incident ion energy, the mass
ratios of ion and target atoms, the target-atom binding
energy, and the ion angle of incidence. There are also
sputtering models13' 18,19 which can be used to predict the
sputtering yield of any ion-target pair as a function of ion
energy, and meet with a fair amount of success. (Calculations
of the sputtering yield of Nb using expressions given in refs.
18 and 19 are included in Appendix C, compared with some
experimental results.) Biersack and Eckstein20 have calculated
sputtering yields and reflection coefficients using a Monte
Carlo simulation (TRIM.SP), and their results show the general
trends expected. The sputtering yield and reflection
coefficient obtained from their simulation when sputtering
nickel with neon and nickel with argon are shown in Fig. 1.3.
When using a lighter sputtering gas (Ne) the sputtering yield
is lower and the reflection coefficient is higher than when
sputtering with a heavier gas such as argon. It is expected
that if more atoms reflect from the surface, less energy will
be utilized in the sputtering events. Note that the
sputtering yield initially increases with incident ion energy,
but then begins to decrease at very high energies as the
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Figure 1.3 The sputtering yield and reflection coefficient
when sputtering Ni with either (a) neon or (b) argon ions
(from Biersack and Eckstein).
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dominant collisions occur deeper below the surface. The
reflected yield decreases as the incident energy increases
also because collision events occur deeper beneath the
surface. Biersack and Eckstein20 also show that the
sputtering yield is expected to increase with angle of
incidence away from the normal direction, maximizing at about
600, and going to zero as the glancing angle (900) is
approached. In a theoretical study, Bottiger et a121 also show
that the reflection coefficient increases as the ratio of
incident ion mass MI to target ion mass M2 decreases, and
increases with the angle of the incident ion away from the
target normal. This is expected due to the elastic nature of
these atomic collisions. Because the mass ratios of Ne/Ni and
Ar/Nb are fairly close, the reflection coefficient of Ar from
Nb is therefore expected21 to be close to that of Ne from Ni,
as shown in Fig. 1.3 (a). Therefore, when sputtering Nb using
1000 eV Ar, a sputtering yield of 0.80 (ref. 18) and a
reflection coefficient of about 0.14 (refs. 20 and 21) can be
assumed. This indicates that about 15% of the flux to the
substrate consists of reflected energetic gas atoms.
The spatial distribution of the sputtered specie is in the
form of a cos(9)n distribution around the target normal, when
sputtering at normal incidence, with values of n typically
around 2 (ref. 22). When sputtering with low incident
energies (<10 keV) at oblique incident angles, the spacial
distribution becomes skewed towards the reflection direction,
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and narrower23 (n increases). The spatial distribution of the
reflected specie is expected to be narrower than that of the
sputtered specie2 , and also skewed toward the reflection
direction when sputtering at oblique angles of incidence.
However, the spatial distributions of the sputtered and
reflected atoms are generally not well known unless
specifically measured in some way.
1.2.2 ENERGY DISTRIBUTIONS OF SPUTTERED AND REFLECTED SPECIES
SPUTTER DISTRIBUTIONS: The energy of sputtered and reflected
species are very important for film growth considerations.
Early investigations of the energy distribution of sputtered
atoms were performed by Stuart and Wehner24 and Stuart et
al. Some of their results are shown in Fig. 1.4, for the
sputtering of Ag with Hg÷ using a series of ion-energies, and
for the sputtering of Ag, Pd, Rh, and Zr using 1200 eV Kr÷
bombardment. Using a time-of-flight measurement technique,
they found that the energy distribution of sputtered species
peaked at a few eV, with the peak position dependent on the
target material, and had a high energy tail extending up to
above 100 eV in some cases. When sputtering Ag with Hg÷, they
found that the shape of the energy distribution did not change
significantly for bombardment energies above -300 eV. The
shape of the energy distributions they obtained agree in
general with that expected from sputtering theory26; the energy
27
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Figure 1.4 (a) The energy distributions of Ag sputtered using
different ion energies, (b) and the energy distributions of
Ag, Pd, Rh, and Zr all sputtered using Kr at 1200 eV (from
Stuart et al).
distribution of sputtered particles N(E) is expected to follow
the form 26
N(E) a E/(E+Uo)3- 2m (1.1)
where E is the energy of the sputtered particle, Uo is the
surface binding energy (or cohesive energy) of the target
atom. The incident ion energy Eo only has a small influence
on the shape of the energy distribution; the parameter m is
energy-dependent, and is roughly 0.2-0.3 for Eo~1000 eV, and
decreases to -0 as Eo approaches Uo.  Equation 1.1 indicates
that the maximum in the energy spectrum is expected to occur
at UO/(2-2m). Silver has a binding energy of roughly 3 eV
(ref. 13), so the maximum of the Ag sputter distribution shown
in Fig. 1.4 is consistent, and the shift in the energy
distributions of the Pd, Rh, and Zr would then be due to their
different binding energies.
More recent studies2730 generally confirm these results;
the energy distribution of sputtered Nb is shown in Fig. 1.5,
as measured by Dembowski et al. 27 using Ar÷ ion energies of
600, 1000, and 2000 eV. The curves have been off-set along
the y-axis in order to distinguish them. The distributions
shown are for Nb ejected normal to the target, with the
incident ions arriving normal to the target. They extract a
binding energy of about 7 eV from fits to Eq. 1.1, close to
the measured value of about 7.3 eV (ref. 31). They observe in
their study that Eq. 1.1 does not precisely fit their data,
although it is close. When sputtering with a 450 angle of
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Figure 1.5 (a) The energy distributions of sputtered Nb (from
Dembowski et al) at three different Ar ion energies; the
curves are shifted along the y-axis in order to distinguish
them. (b) The average energy per sputtered atom as derived
from (a), and the values calculated by Biersack and Eckstein
for Ni sputtered by neon.
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incidence, the sputtered Nb ejected at a 450 emission angle
has an energy distribution which is shifted to slightly higher
energies. Eckstein32 and Beirsack and Eckstein20 show that the
energy distribution should be dependent on the angle of
emission of the sputtered particles, so that Eq. 1.1 is not
expected to be obeyed exactly for a given emission angle.
The average energy per sputtered particle when sputtering
Nb with Ar' was found by Dembowski et al.27 from their measured
energy distributions by performing an integration of the
intensity-times-energy product and dividing by the integrated
intensity of the distribution. The obtained average energies
per sputtered atom are shown in Fig. 1.5, along with the
average energy per sputtered particle calculated in the
computer simulation of Biersack and Eckstein20 when sputtering
Ni with Ne+. Although the average sputtered energies are not
expected to be equal in these cases, they are shown on the
same plot in order to indicate that the sputtered energy
appears to be fairly insensitive to the incident ion energy,
at least for ion energies in the range normally encountered
when depositing films using sputtering (-300 to 2000 eV).
Measurement of the average energy per sputtered Ni atom when
sputtering with 1200 eV Kr+ was shown by Stuart and Wehner25 to
be about 18 eV, which agrees fairly well with the value from
the simulation.
The descriptions given here pertain to the overall flux of
sputtered atoms, which are made up of mostly neutrals.
However, sputtered ions, which generally make up less than one
percent of the overall sputtered flux, are much more
convenient to measure. It should be noted that the energy
distribution of sputtered ions is typically shifted to
slightly higher energies than the corresponding distribution
of the neutrals33 , since the neutralization process of the
sputtered ions (just at the target surface) is energy
dependent. However, the ion energy distribution is directly
related to the overall sputter energy distribution33
REFLECTED ATOM DISTRIBUTIONS: Unfortunately, the energy
distribution of reflected atoms does not follow a universal
type of behavior like that of the sputtered species. The
energy distribution of reflected species is known to be
dependent on the mass ratios of the incident ion and target
atoms M1/M 2 , the emission or reflection angle, as well as being
proportional to the incident ion energy 4'35. The reflected
species will be made up of atoms which may have scattered only
once from the target, or have scattered multiple times, so
that the energy also depends on the number of, and angular
deflection of, each collision that the reflected atom
undergoes . In general, the average energy per reflected atom
of different incident ions would be expected to scale roughly
with the reflection coefficient.
As is found for the sputtered flux, most of the reflected.
species are neutral atoms34. Generally only those atoms
undergoing a single collision with the target have a finite
chance of remaining ionized,34 ,36 so that the ion distribution
will not be representative of the overall distribution. An
example showing the energy distribution of Ar÷ scattered from
Ni through a 830 scattering angle is shown in Fig. 1.6 (a),
with an Ar+ incident energy of 1200 eV (ref. 37). This
distribution, which is not mass separated, contains
contributions from Ni and Ar ions. Starting with the lowest
energy peak, the observed peaks are due to: collision cascade
sputtered Ni÷, Ni÷ recoils directly ejected by Ar+ impact, Ar+
singly scattered from the target, and Ar' multiply scattered
from the target (last two peaks). Except for the low energy
Ni÷ peak, all peak positions are dependent on the emission
angle.
A measurement of the energy distribution of reflected
neutrals has been reported by Buck et al. 38, when sputtering
gold with argon at a 900 scattering angle. The obtained
distribution is shown in Fig. 1.6 (b) when sputtering with 8
keV Ar , and it shows that the distribution is virtually
unchanged upon increasing the ion energy to 24 keV. The high
energy peak in the distribution is due to the singly scattered
Ar, which is seen to be the dominant species in the
distribution.
The measurement of the singly-scattered reflected ions can
also be used to determine the surface composition of the
target during reactive sputtering. This use of scattered ions
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as a monitor of surface composition forms the basis of the
surface analysis technique of ion scattering spectroscopy
(ISS), which is typically used to measure adsorption on
surfaces 36 or the surface composition of alloys.
DISCUSSION: For studies of thin film growth, the results
presented here must be applied to the specific conditions of
the deposition system and the material to be deposited. This
turns out to be extremely difficult in most cases, for a
variety of reasons. In the studies of sputtering yields and
energy distributions, the incident ion energy and direction is
well defined, as is the current. The pressure must be very
low.such that no gas scattering occurs which would affect the
measured energy distribution. If ion energies are measured,
no electric fields can be present between the target and
analyzer which would affect the ion energies, this would make
it difficult to relate the ion energy distribution to the
overall (neutral) distribution. For these reasons, the
conditions used in the experiments to measure ion energies are
not typical of those used for film growth; film growth and
properties are not the focus of these studies.
With typical sputtering conditions, such as those of diode
sputtering, virtually none of the afore-mentioned conditions
hold. The incident ion energy is usually not well known and
typically consists of a wide range of energies39 (less than the
applied voltage). The pressure is high enough that gas
35
scattering occurs, and the applied target bias keeps all
sputtered ions from escaping. When using magnetron
sputtering, not as much gas scattering occurs because the
pressure is typically lower, but the target bias keeps
sputtered ions from leaving the target. It is therefore
difficult to know the actual conditions at the substrate, as
affected by the sputtered species. Measurements of emitted
ion energies (which are more straight-forward than neutral
measurements), would therefore not generally reveal the
overall bombardment conditions.
The use of ion-beam sputtering, however, does meet the
requirements of use, both for the analysis of the sputtering
and reaction processes, and for the growth of thin films under
reasonable deposition conditions. When ion-beam sputtering,
the incident ion energy and direction is well defined, the
background pressure is low, and there is no bias applied to
the sputtering target. Therefore, measured ion energies will
be closely related to the overall particle distributions, and
so the properties of films grown under various deposition
conditions can be related. more directly to the incident
particle energies.
1.2.3 MASS SPECTRA OF SPUTTERED SPECIES
The mass spectra of sputtered ions and neutrals have been
investigated by a number of workers40-42; this makes up the
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basis of the surface analysis techniques of secondary ion mass
spectrometry (SIMS) and secondary neutral mass spectrometry
(SNMS). It is found that when sputtering elements, atoms and
atom clusters are ejected and observed in the ion signal. An
example is given in Fig. 1.7 (a), of W sputtered with 150 keV
Xe÷, which reveals clusters as large as 12 atoms . Note that
the signal intensity drops with increasing cluster size, so
that most of the ion signal is due to the W÷ and W2 species.
Wittmaack43 has observed that, in many cases, the ion signal of
the diatomic cluster exceeds that of the monomer. However,
SNMS studies42 have shown that the monatomic species generally
makes up more than 90% of the overall sputtered flux; this
discrepancy with the ion signal intensities is due to
differences in the ionization probability of each specie.
When sputtering compounds, many more cluster combinations
are possible. This is illustrated in Fig. 1.7 (b), comparing
the observed ion signals when sputtering Ta and Ta205 (ref.
40); note the abundance of molecular oxide clusters. It is
observed that the total ion yield is much larger when
sputtering the oxide, due to the fact that oxygen enhances the
ionization40 '44 . Although it appears that most of the sputtered
particles are in the form of TanOm clusters, studies of
sputtered neutrals by Coburn et a145 and Oechsner and Gerhard42
of similar types of compounds reveal that typically not more
than 20% of the sputtered flux is in the form of oxide
molecules or clusters.
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Figure 1.7 (a) SIMS of W sputtered with 150 keV Xe*, and (b)
SIMS of Ta and TaO2 sputtered under identical conditions; from
Wittmaack.
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The sputtered ion spectrum thus does not give a
quantitative description of the relative abundance of
sputtered species. However, the ion yields are dependent on
the composition of the surface, and so the ion yield of the
various species can be used to extract the surface
composition.4146 In this study the sputtered ion species have
been used as a monitor of the surface composition of the
sputtering target during reactive sputtering.
1.3 REACTIVE SPUTTERING
When depositing elemental films, one typically sputters
using an inert gas which will not react with the growing film,
in order to maintain film purity. However, if materials such
as nitrides, oxides, or carbides are to be deposited, reactive
gas can be added during sputtering of an element, and under
the proper conditions a compound film will result. This
process is then called reactive sputtering, because a chemical
reaction is proceeding during the sputtering process.
Reactive sputtering is commonly used in preference to the
sputtering of compounds for a variety of reasons. An
elemental sputtering target is typically purer and more dense
than an oxide or nitride compound target,4 is a better heat
conductor, and is typically less susceptible to cracking. The
use of reactive sputtering also allows more control over the
film composition. Also, having a conductive target allows the
use of dc power as opposed to rf power14 in many cases.
Reactive sputtering has therefore become the standard
technique for the deposition of many compounds, such as the
transition metal nitrides13 . A recent review of the reactive
sputtering process is given by Westwood4 .
When reactive sputtering with typical magnetron or diode
sputtering systems, the process can be described as follows.
Consider that initially a transition metal (or any other
reactive element or alloy) is being sputtered in an argon
discharge. As reactive gas is added, the reactive gas
pressure rises slowly at first due to consumption of the gas
by reactions at the target or growing film surface (on the
substrate and the walls). If the reactive gas flow is
increased so that the pressure rises sufficiently, the
reaction at the target may proceed more quickly than the
sputter removal of reacted gas, and the target is maintained
in a reacted state. The consequence of this target reaction
is generally a sharp drop in the deposition rate and a change
in the sputtering current and/or voltage. These effects are
believed47 to be caused by a change in the effective sputtering
yield of the target material, a change in the electron
emission of the target, and a change in the gas composition of
the sputtering plasma. It is often observed that the
deposition rate and reactive gas pressure show a hysteretic
dependence on the reactive gas flow, due to an instability
related to this target reaction process2' 4 5. Under these
conditions it is difficult to optimize and control the
deposition process.
This dependence of the sputtering process parameters on
the reactive gas flow is shown in Fig. 1.8, when reactively
sputtering Nb in an Ar/N2 plasma using a planar magnetron
operated at 490 Watts constant dc power". Note that as the
nitrogen flow increases, a point is reached at which the
deposition rate abruptly falls, the voltage increases, and
(not shown) the current decreases. This transition is
accepted as being due to the reactive coverage of the target,
as mentioned above. The occurrence of the target reaction is
then clearly revealed by the transition in these easily
observable process parameters. Reactions occurring with the
growing film (again, at the substrate and chamber walls) do
not present themselves so obviously. However, the fact that
the nitrogen pressure does not rise substantially with N2 flow
at low flows indicates that reactions are probably occurring
with the growing film as well. The main concerns relating to
the reaction processes are 1) distinguishing the relative
importance of the substrate and target reactions on the film
composition, and 2) determining the mechanisms governing these
reactions. In the reactive sputtering systems typically used,
the reactive gas interacts with the plasma, and so there is
always a mixture of neutral, ionized, and excited reactive
41
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species present. This makes it hard to unambiguously
distinguish reaction mechanisms. For example, when reactively
sputtering NbN, it is most often found necessary to operate at
higher N2 flows than that required for a significant target
reaction in order to obtain optimum film properties3" 49'5
(maximizing the NbN superconducting transition temperature,
and minimizing the resistivity). However, because the target
and substrate reactions are occurring simultaneously, it is
not clear whether the reacted target serves a vital role in
the film formation, or is merely an indicator that sufficient
nitrogen has been added to form a reacted film. Because of
the lack of process control with magnetron and diode systems,
it is also difficult to determine how the sputtering processes
affect the film properties.
In spite of these difficulties, several studies have been
performed using diode systems which shed light (and confusion)
on aspects of the reaction processes. Several early models
were presented to describe the target reaction process4 ,7 51 -53
Goranchev et al47 describe the effect of the target reaction on
the discharge conditions when reactively sputtering SiO2; they
also surmised that reactions are occurring at the growing film
before the target reaction occurs. Donaghey and Geraghty51
examined the reactive sputtering of the Ti-02 system, and they
show that the onset of the target reaction was dependent on
the mole fraction of oxidant in the plasma, and not on the
partial pressure of oxygen. Abe and Yamashina52 presented a
model of the target reaction, which is assumed to occur as a
competition between the rate of reactive gas trapping at the
surface and the rate of re-emission. They show that the model
describes observed processing conditions when sputtering
oxides and nitrides of Mo and Ti; however, the mechanisms
describing the rates of reaction at the target and removal
from the target are not physically interpreted. They
concluded that the reactive pressure required to cause the
target reaction was related to the dissociation pressure of
the chemical compound. Shinoki and Itoh53 improved upon the
model of Abe52, and interpreted the competing mechanisms at the
target (in the Zr-N2 system) to be sputter removal and
nitrogen adsorption, and they assumed that the nitrogen
pressure was controlled by reactions with the growing film.
In all of these studies, it should be noted that the extent of
the target reaction is inferred from changes in the sputtering
rate or sputtering voltage as reactive gas is added. Only
Shinoki and Itoh53 performed additional system monitoring; they
used a mass spectrometer to analyzed the mass spectra of ions
during reactive sputtering. Although they observed the
presence of small amounts of ZrN÷ among the ion species, the
amount of ArN÷ species they observe is even larger than the
amount of ZrN÷, which indicates that gas phase reactions are
probably occurring.
In other studies, Affinito and Parsons54 reactively
sputtered Al with either 02 or N2 using planar magnetron
sputtering, and found that the onset of the target reaction
occurred abruptly and in an uncontrolled manner when
sputtering with 02, but it occurred in a smooth manner when
sputtering with N2 added. Because 02 is known to chemisorb to
Al and N2 does not, they conclude that the fast chemisorption
of 02 is responsible for the observed unstable operating
conditions. When ion-beam sputtering copper with oxygen
added, Mayer et a155 concluded that the target oxidation
reaction was dependent on the oxygen ion flux to the target,
and not the total 02 pressure because of the low reactivity of
copper. However, the sputtering ion energy was only 45 eV in
this study, (purposely) very near the sputtering threshold;
these conditions are much different than those typically used
to deposit thin films. Westwood and Ingrey56 used ion-beam
sputtering to deposit Ta205 films; they conclude that in this
case the target reaction is much more important for film
formation than the substrate reaction. In studies of NbN film
growth3'49 , to be discussed in more detail later in this
introduction, it is also normally found that some target
reaction is required to optimize film properties (as seen by
the drop in deposition rate), but too much nitrogen results in
a degradation of film properties. These studies listed above
indicate that either thermal neutral reactive gas or reactive
ions may dominate the target reaction, and that it is often
observed that the target reaction seems necessary for forming
a stoichiometric film. However, the studies presented above
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do not conclusively reveal how the reactions proceed, and do
not address the effects of reactions at the growing film in
any way.
Some studies have also been performed in which the
geometrical set-up was designed to keep reactive gas away from
the target during sputtering, so that the uncontrollable
operating conditions associated with the target reaction could
be avoided, and the deposition rate could remain relatively
high.57-59 Also, an additional substrate plasma has been used
to enhance reactivity in some cases.57 '58,' Although these
conditions differ from typical reactive sputtering conditions,
and reaction processes may differ, the results of Scherer and
Wirz58 reveal that fully reacted films (of A1203 and SiO2, for
example) can be obtained with the target in the unreacted,
metallic state (as inferred from the deposition rate).
Quite recently, more complete models have been proposed to
describe the general processing features observed during
reactive sputtering.5,61,6264,65 The recent models and
experimental results61,6,67 indicate that the observed
instability in the processing conditions associated with a
rapid target reaction can be avoided by having a system with a
sufficiently high pumping speed. The most complete models
describing the process are those of Berg et al.6 1 and
Larsson62, which are seen to give a good description of how the
sputtering process parameters (such as the deposition rate)
relate to the reactive gas flow. Their model accounts for
reactions occurring at both the target and the deposited film.
Although their model describes the basic behavior observed in
magnetron and diode systems, the operating conditions of these
systems do not entirely match the assumptions of their model.
Their model also needs some modification to render it more
complete and more physically realistic.
In order to unambiguously study the reactive sputtering
process, direct monitoring of the reaction processes and
better control of the sputtering conditions are necessary.
The use of ion-beam reactive sputtering meets these
requirements. When ion-beam sputtering, the sputtering
current and voltage can be held constant as nitrogen is added.
Some control over the reactive species is obtained because
sputtering can be performed with or without the presence of
nitrogen ions: nitrogen can be added to the chamber either
through the ion source (N2 and N2+), or into the chamber
directly (only N2) (see Appendix A for details). Because the
target is not biased, the nitridation reaction at the target
can be monitored directly using secondary ion mass
spectrometry (SIMS) and ion scattering spectroscopy (ISS).
The conditions obtained during ion-beam reactive sputtering
conform to the assumptions implicit in Larsson's reactive
sputtering model, and therefore allows a better comparison of
the model to experimental results.
NIOBIUM AND NIOBIUM NITRIDE FILM PROPERTIES
The properties of Nb and NbN thin films are known to be
very dependent on the processing conditions. Examples showing
the effects of the deposition conditions on Nb and NbN film
properties will be presented.
1.4.1 NIOBIUM FILM PROPERTIES
Niobium is the element with the highest superconducting
transition temperature Tc (ref. 68). Niobium films are
commonly deposited using PVD methods, such as
evaporation69 ,M , magnetron sputtering l, or ion-beam
sputteringnea . When depositing Nb films for use in
superconducting devices, it is often desirable to achieve the
properties of a pure bulk sample: a superconducting transition
temperature of 9.25±0.2 K (ref. 68), and a very low residual
resistivity. Most impurities are found to decrease the Tc and
increase the residual resistivity'"74 , so a high purity film is
generally required. Heim and Kay7 found that when bias
sputtering Nb in Kr, excessive bias voltages led to Kr
incorporation, which decreased the T. and increased the
residual resistivity.
Another crucial property, from a device fabrication
standpoint, is film stress". It is generally found that
evaporated Nb is under tensile stress7 'O76 , and it is shown70
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1.4
that the stress is reduced by ion-bombardment during growth.
Magnetron sputtered Nb is generally found to be under
compressive stress, although the stress can be virtually
eliminated by the proper choice of sputtering pressure71 . Wu71
also showed that inducing ion bombardment by biasing the
substrate makes the stress more compressive. From these
examples, it is quite clear that excessive bombardment during
growth induces compressive stresses in Nb films.
Other examples exist of the control of Nb film properties
by altering deposition conditions . The results presented
above are given to show that some relationships between Nb
film properties and the deposition conditions are fairly well
understood, and consistent. However, the properties of films
deposited using magnetron or diode sputtering are still not
predictable, because the bombardment conditions are rarely
known, but must be inferred from film properties.
1.4.2 NIOBIUM NITRIDE FILM PROPERTIES
Niobium nitride, in the cubic NaCl structure (6 phase),
has a transition temperature of about 17 K (ref. 77) (there
are uncertainties as to what the Tc of pure NbN is, because
impurities are known to decrease or slightly increase the Tc).
It is a very promising material to replace Nb for
superconducting device applications, in that it can be used in
an environment cooled by a closed-cycle refrigerator, which
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typically cool to about 10 K. This eliminates the need for
constantly replacing liquid He boil-off, allowing operation in
remote locations. Josephson junctions of high quality can be
fabricated from NbN (ref. 78), which are crucial for active
device applications. The high temperature superconductors
(such as YIBa 2Cu30 7) have not yet been fabricated into
successful junctions". The critical current density Jc (the
maximum current the conductor can pass and remain
superconducting) of NbN is typically >2x10 6 A/cm2 at 4.2 K in
zero magnetic field". Niobium nitride also has excellent flux
pinning properties", and so the critical current density
remains high in high magnetic fields.
The main difficulties in obtaining high quality NbN seem
to be the ability to achieve the proper film composition and
the proper crystalline phase. The cubic (superconducting) 6
phase of NbN is only thermodynamically stable above 13000 C, as
indicated in the Nb-N phase diagram proposed by Guard et a181
shown in Fig. 1.9. Besides the cubic phase, the only other
phase thought to be superconducting (besides Nb) is the
tetragonal Nb4N3 7 phase, thought to have a Tc of about 7 K
(ref. 82). Also, the compositions of these phases can often
overlap slightly. [A good reference which includes properties
of the Nb-N system (and that of other transition metal
nitrides and carbides) is that of Toth8 .] It is not fully
understood why the cubic phase often forms during thin film
deposition, except that it is the phase stable at the highest
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temperature, and this might favor its formation during the
rapid "quenching" conditions of film deposition" .
There have been many investigations of NbN film growth
using reactive sputtering. All investigators have found that
the optimization of the superconducting critical temperature
Tc can only be obtained by a thorough search through variable
space. This "optimum" Tc obtained in various studies may
differ by as much as 3 K for films grown at less than 3000C.
An example is shown in Fig. 1.10 of the variation of Tc with
sputtering power and nitrogen flow, using dc planar magnetron
reactive sputtering with an argon pressure of 10 mTorr (ref.
79). Note that the maximum Tc and resistivity of the films
varies with the sputtering power used; the films having the
maximum Tc had resistivities of about 320, 180, and 140 y0-cm
at total powers of 100, 290, and 490 Watts, respectively. The
factors contributing to the differences in Tc and resistivity
with deposition conditions are not known. Other studies50 ,85-87
have also shown that the film properties are dependent on
factors such as the total pressure, the total sputtering
power, and the noble sputtering gas used. However, none of
these reports presents any substantial evidence as to what
deposition processes are responsible for the changes in film
properties.
By comparing the nitrogen flow required to optimize Tc at
490 Watts (from Fig. 1.10) to the deposition rate and voltage
curves in Fig. 1.8, it appears that the target reaction is
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Figure 1.10 .Dependence of the NbN superconducting transition
temperature Tc on nitrogen flow, when dc magnetron reactive
sputtering at three different total powers; from Anderson et
al. The total pressure is 10 mTorr in each case.
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nearly complete at this N2 flow; this has also been observed
in other studies3 . However, as mentioned previously, this is
not conclusive proof that the target reaction is necessary to
obtain fully reacted films. Because of the system geometries
of diode and magnetron configurations (used in the studies
mentioned above), it is difficult to gain useful information
about the reaction mechanisms.
Other factors which have been shown to influence NbN film
properties, besides those strictly related to the sputtering
process itself, are: 1) the addition of impurities such as
carbon during growth,7 7'88,89 2) deposition on single crystal MgO
substrates, 7 and 3) increasing the substrate temperature
during growth.7 7,8890 The addition of carbon or growth on MgO
is thought to result in an increase the TC by stabilizing the
growth of the cubic phase.7  However, films deposited without
carbon or MgO, having a lower Tc, often appear to be 100%
cubic NbN. Therefore, the argument that the cubic phase is
stabilized must not be the only effect of adding carbon or
depositing on MgO. It is thought that the increase in Tc with
substrate heating is due to increases in the grain size,90 but
it could be related to other factors.
It must also be noted that there have been others studies
in which ion-beam reactive sputtering was used to deposit NbN
(ref. 91 and 92). In these studies, sputtering with a single
ion-beam of Xe÷ onto ambient temperature substrates produced
films having a Tc of less than 11.5 K. Lin found that a
second ion-beam of Nz + CH4 aimed at the substrate resulted in
an increase of the Tc to about 13 K. Possible reasons for
these low Tc values are that: 1) the low gas pressures used in
ion-beam sputtering may allow sputtered particles to arrive at
the substrate with a higher energy than when diode or
magnetron sputtering, and this may be detrimental; and 2) less
low-energy plasma bombardment of the substrate occurs during
growth when ion-beam sputtering, and this may be important for
obtaining high quality films. However, neither of these ideas
has been substantiated. Because of the low Tc obtained, it
would appear that ion-beam reactive sputtering may not be the
optimum technique to use for the deposition of NbN thin films.
However, this is the optimum system to use for studying the
sputtering and reaction processes, which is the main thrust of
this work. (As will be shown later, we have obtained films
having a fairly high Tc and low resistivity using ion-beam
reactive sputtering under optimized conditions).
1.5 SUMMARY
From the contents of this introduction, the reader should
be mindful of the following points:
a) the sputtered species, as emitted from the target, have
energies which can roughly be predicted, but the energy of
reflected species will not generally be known with any
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accuracy except for singly scattered species;
b) when reactive sputtering, the dominant reaction processes
leading to compound film formation have not been
definitively shown;
c) the relationships between processing conditions and film
properties of reactively sputtered NbN are largely unknown;
d) when using typical diode or magnetron sputtering
configurations, complexities inherent to these systems make
it difficult to perform a definitive study of the sputtering
and reaction processes; and
e) the use of ion-beam sputtering allows the necessary control
over deposition parameters to perform a well controlled
study of the sputtering and reaction processes occurring
during reactive sputtering.
Because the conditions used in ion-beam sputtering are
different from those obtained in diode and magnetron systems,
all findings of this study may not be directly applicable to
the diode or magnetron cases. However, since the ion-beam
sputtering process is in many ways a subset of these other
techniques, most findings from this study are expected to
apply to these other techniques to some degree.
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CHAPTER 2
EXPERIMENTAL
In this Chapter, the experimental equipment used in this
study is described. This includes the equipment utilized for
thin film growth and deposition-process analysis, as well the
equipment and techniques utilized for thin film
characterization. Operation principles of standard available
equipment will not be discussed, but reference will be made to
pertinent literature.
2.1 FILM DEPOSITION EQUIPMENT AND OPERATION
2.1.1 VACUUM SYSTEM
The vacuum system used for film deposition and process
analysis consists of a stainless steel chamber with all-metal
seals.93 The chamber is about 24" diam and 30" high, allowing
ample flexibility, since the purpose was to have a chamber
which would be useful for a variety of experimental set-ups.
The rough pumping of the system can be performed using either
Varian Vacsorb cryo-sorption pumps94 or a Varian oil-free
mechanical pump (the oil-free mechanical pump was not
commercially available when the system was originally
designed). We found that the mechanical pump alone proved
adequate for rough pumping of the chamber, reaching a pressure
of about 60 mTorr. High vacuum is attained with the use of a
CTI-Cryotorr 8 cryopump 94, enabling ultimate pressures of less
than 1x10 9 Torr to be reached. Low background pressures are
important for minimizing film impurities, which can easily be
a problem when depositing reactive elements such as Nb. To
accelerate the desorption (outgassing) of reactive gases from
the system walls, the chamber can be baked to about 2000C by
enclosing the entire system in insulated walls (making an
oven), and heating this oven with resistive heaters. This is
normally an overnight procedure, followed by another day for
parts inside the vacuum system to completely cool.
The chamber pressure is monitored using a Pirani gauge94 at
high pressures (during rough-pumping), and nude ion gauges94 at
low pressures (below lx10 3 Torr). Analysis of the various
residual gases is performed using a Balzers QMG-064 quadrupole
mass spectrometer94 which operates in pressure ranges from
1x10 "4 Torr to 0.1x10 °9 Torr. Typically, before a film
deposition the background pressure of reactive gases (H20,
N2/CO, 02, and CO2) will be in the instrument noise level,
-~0.2x10-9 Torr, although the helium pressure is normally higher
because it is difficult to pump He using a cryopump.
The gases used in the experiments are research grade (Ar
99.9999% pure, N2 = 99.9995% pure, Xe = 99.995% pure, and Kr =
99.995% pure), which are further purified to remove trace
impurities such as H20, CO, 02, and CO2 (down to ppb levels)
by the use of a Nanochem L-30t gas purifier (from Semi-gas
Systems, Inc.). The gas flow rate is measured using either
MKS model 258B mass flowmeters95, in which case the flow is
controlled using a leak-valve94, or is measured and controlled
with MKS model 1259B flow controller, in which a feedback
controlled valve is tied in with the flowmeter.
The geometric configuration of the system is as shown in
Fig. 2.1. The ion source used for sputtering is mounted at
the top of the system. The sputtering target is mounted
directly below (about 17" away), with the substrates and
various analytical equipment mounted at 135 degrees with
respect to the direction of the ion beam. The substrates are
mounted from 4.5" to 7.5" from the target, depending on the
substrate holder used. Since the ion source and the
substrates face downward, metal flakes peeling from the walls
are not a problem, but some flakes can fall onto the target.
A Nb collimating shield between the ion source and the target
keeps stray ions from sputtering surfaces which are not Nb.
The sputtering target is 8" in diam, and is held to a
water-cooled plate using screws (the screw-heads are covered
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Figure 2.1 Schematic of the ion-beam sputtering system used
in this study.
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with Nb sheet). However, the thermal contact is only minimal,
so the target temperature is a function of the sputtering
power, reaching about 2500C for typical deposition conditions.
The target temperature is measured with a stainless-steel-
sheathed iron-constantan thermocouple physically clamped to
the target with a nut and bolt.
One disadvantage of this system is that it has no load-
lock, so that the chamber has to be opened after every
deposition run. This necessitates pumping for at least one
day between deposition runs in order to sufficiently lower the
background pressure (to less than 2x10-9 Torr of reactive
gases).
2.1.2 ION SOURCE
The ion source used to perform sputtering is a Kaufman-
type source having a 5 cm diameter beam area, manufactured by
Ion-Tech. This type of source is described in detail by
Kaufman17 , but the pertinent features will be described here.
The ion source, shown schematically in Fig. 2.2, is
essentially a chamber which confines the sputtering plasma.
The plasma electrons are supplied by a hot-filament cathode
(generally tungsten) at the center of the source region, and
are accelerated toward the surrounding anode wall, which is
positively biased with respect to the filament (typically -45
V discharge voltage). These electrons then ionize a fraction
of the gases present, resulting in a plasma discharge. A
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Figure 2.2 Schematic showing the essential elements of the
ion source; and diagram showing the potential profile from the
ion source to the sputtering target.
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magnetic field applied using permanent magnets increases the
total electron path length, which results in an increased
plasma density. The discharge parameters are mainly
controlled by the current to the filament, but also by the
discharge voltage, and the sputtering gas type and pressure.
The pressure in the ion source is in the low 10-3 Torr region
even when the chamber pressure is only ixl0 "4 Torr due to the
low gas-flow conductance of the grids (see appendix A).
The extraction of ions from the source is accomplished
using a two-gridded ion optics (machined from pyrolytic
graphite). Each grid is an array of 1405 holes, each having a
diameter of about 1 mm, with the holes of the two grids
aligned (the holes are arranged uniformly over a 5-cm diam
circular area). A typical voltage profile from the ion source
to the target is shown in Fig. 2.2 (b). The grids are biased
with respect to each other, so that positive ions which drift
to a hole in the first grid are accelerated out of the grids.
The ions are then decelerated by the potential between the
second grid and "plasma" potential. [Note that the plasma
potential, although nearly zero, remains a few volts positive
of the target.] Thermal gas atoms and beam ions passing close
to each other may undergo a charge transfer without momentum
transfer17 . The low energy ions formed will then leave the
beam region with an energy determined by this plasma
potential. The kinetic energy of the extracted ions is
determined by the potential difference between the first grid
and ground (beam voltage); the total extracted current depends
on the potential difference between the two grids. The second
grid (accelerator grid) is required to have a negative bias to
repel secondary electrons emitted from the target, which would
enter the source and produce an apparent increase in the beam
ion current. Too large a negative bias results in unwanted
beam spreading. Beam spreading can be minimized by the
appropriate alignment of the grid holes". During the course
of this research, the original grid set was replaced with a
set which focusses the beam to a narrower diameter (supplied
by Ion-Tech), allowing a larger beam current density to be
obtained with the same total beam current. This was
especially important for this system because of the large ion-
source to target separation.
When the ion beam impinges on a surface (sputtering
target), sputtering occurs as well as the emission of
secondary electrons. If the target is conducting and
grounded, it will remain at ground potential during ion
bombardment. The emitted electrons serve to (nearly)
neutralize the beam, limiting the coulomb repulsion between
the positive ions in the beam, and therefore reducing the
physical spreading of the beam as it travels through the
vacuum. If the sputtering target is an insulator, then the
surface will charge under ion bombardment. In this case, in
order to neutralize the target and the beam, a hot filament
(neutralizer filament)- which crosses the beam path is used to
emit an ample supply of electrons, resulting in neutralization
of the beam and target.
Under normal operation, this ion source can be operated
using beam voltages from about 400 to 2000 V. The beam
current can be adjusted anywhere from nearly zero to the
maximum value attainable, which depends on the total voltage
(beam plus accelerator voltages) and the plasma discharge
current. The beam current can be as high as 200 mA using this
source.
2.1.3 SUBSTRATE CONFIGURATIONS/HOLDERS
Three basic substrate holder arrangements were used in
this study, depending on whether substrates were 1) unheated,
2) heated, or 3) surrounded by a plasma and/or a high pressure
region.
Substrates which were unheated during growth, and not
surrounded by a plasma or high pressure region, required only
physical mounting of some sort. In order to avoid having to
open the system between runs, a holder was made which would
hold up to four 1" x 1/2" substrates. The holder, made using
stainless steel sheet, was connected to a linear-motion
feedthrough allowing substrates to be slid past an open
rectangular hole, allowing one film to be deposited at a time.
The substrates were about 4.5" away from the target when using
this holder.
Substrates were heated by mounting them on an alumina
block having a patterned tungsten line on the back-side.
Applying dc power to the tungsten line produces the heating of
the block. Molybdenum sheet was used to shield the heater on
all but the front side, reducing radiation losses. The heater
temperature was measured using a chromel-alumel thermocouple
inserted into a hole in the heater block. Substrates were
held onto the front face of the heater by using tungsten wire
clips, and because of the poor thermal contact in vacuum, the
substrate temperature is expected to be significantly less
than the measured heater temperature . When applying power
to the substrate heater, the applied potential is negative
with respect to ground. This is important, because we have
found that a positive potential will serve as an electron sink
and raise the beam potential; this raises the energy of the
charge exchange ions (see Chapter 3). When using the
substrate heater, substrates were generally about 6" from the
target.
In order to produce a dense plasma around the substrate, a
L.M. Simard triode magnetron sputtering source was used as the
substrate holder, with the substrate in the position designed
for the sputtering target. Operation of this type of source
is described by Tisone and Cruzan16 , and is shown in Fig. 2.3.
This plasma source, like the ion source plasma, uses a hot
filament (tantalum) to supply electrons, and a magnetic field
to enhance ionization. Because the chamber pressure is not
high enough to sustain a plasma, the pressure must locally be
magnets
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Figure 2.3 Schematic illustration of the L.M. Simard triode
magnetron source. For my purposes, the substrate is held in
the position which would normally contain the sputtering
target. The filament cathode is actually shielded from the
plasma to minimize a reaction with nitrogen.
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increased using a suitable conductance limiting arrangement
and flowing gas through this region. The design
considerations of this conductance limiter are discussed in
appendix A. A tube of 3 cm diameter and 4 cm in length proved
adequate for locally increasing the pressure at the substrate
by an order of magnitude. Besides just enabling operation of
the plasma, this pressure differential also allows a high
nitrogen flux at the substrate while the nitrogen flux at the
target is low. This proved useful when studying the substrate
reaction process. Note that the pressure differential is
obtained regardless of whether the plasma is on or off. In
this configuration, the substrates are about 7.5" from the
target.
This plasma source allows a discharge current no lower
than about 1.5 Amps, and up to about 4 Amps. The discharge
voltage ranges from about 50 V to 90 V for Ar gas, depending
on the pressure, filament current, and discharge current
desired. With xenon gas, the source can operate at slightly
lower discharge voltages because of xenon's smaller ionization
potential.
2.2 SPUTTERING PROCESS ANALYSIS EQUIPMENT
2.2.1 DEPOSITION RATE MONITORING
For monitoring the deposition rate, an INFICON XTC quartz
crystal microbalance was used. This instrument measures the
frequency shift of a quartz oscillator as a film (mass)
deposits on one side. The frequency shift, which depends on
the mass and acoustic properties of the film, is then
converted to a thickness by the instrument. Although this is
a commonly used technique for measuring the deposition rate,
there are possibilities for error when the composition and
properties of the deposited film change, as occurs when Nb
changes progressively to NbN as nitrogen gas is added.
Fortunately, the densities of Nb and NbN are nearly the same,
and the thickness of deposited films as measured using a
Dektak IIA surface profilometer agrees adequately with the
rates measured using the quartz monitor. The deposition rate
monitor was located about 5" from the target, off to the side
of the substrate location.
2.2.2 RETARDING FIELD ANALYZER
In order to measure the energy distribution of all emitted
ions, a four-gridded ion energy analyzer was designed and
built, which operates as described by Hutchinson97 . This
analyzer has also been operated in another mode, which enables
the measurement of energetic neutral bombardment, as described
by Brodie et al.98. The analyzer is shown schematically in
Fig. 2.4. During use, the analyzer is mounted at the
substrate location. The four screen grids, having about 80%
open area each, are suspended on quartz rods. Three quartz
spacer tubes position each grid 0.25" apart. The collector
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Figure 2.4 Illustration of the retarding field analyzer used
to measure ion energies and energetic neutrals.
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(1" diam), made of copper sheet, is surrounded on all but the
front side by a grounded shielding enclosure. The entrance
grid (1" diam) and the stainless steel enclosure are at ground
potential, and the grids GI, G2, G3, and the collector C can
be biased. Coaxial cable is used to make the connection from
the collector to the ammeter. A picoammeter was used to
measure the collector current, in order to increase the
available measuring range. Stray noise limited the useful
measurement limit to 10-12 amps. Because the chamber pressure
is about 1x10 4 Torr during these experiments, the mean free
path of gas-phase species is long enough so that gas-phase
collisions will have a negligible effect on the measured ion
energies. Therefore, this analyzer can be inserted into the
chamber directly, without differential pumping required. The
analyzer entrance was about 4.5" from the target.
To operate the detector as a positive-ion energy analyzer,
grid G1 is biased negatively (-100 V with respect to ground)
to repel incoming electrons, which mostly have energies of
less than 50 eV. Grid G2 is swept positively to obtain an
energy distribution; when positively biased, all ions with a
lower energy are repelled, and only higher energy ions are
collected. Therefore the distribution is an integral of all
ions having energies from infinity to G2, and the desired
distribution is then obtained from the differential of this
curve. The last grid G3 is again biased negatively (-100 V)
to keep secondary electrons emitted from G1 or G2 from
striking the collector, and to repel secondary electrons
emitted from the collector (which is normally at ground
potential) back to the collector.
For measuring energetic neutral bombardment with this
detector, all incident ions and electrons are repelled from
reaching the collector, and the secondary electron emission
due to the neutral particle bombardment of the collector is
measured. Practically all of the charged particles can be
repelled by biasing the first two grids -100 V and +100 V,
respectively. The third grid is at ground, and the collector
is biased -60 V to ensure escape of the secondary electrons
emitted due to energetic neutral-atom bombardment. This gives
a relative indication of the degree of substrate bombardment,
but is not quantitative as will be discussed in the
appropriate results section.
2.2.3 ION ENERGY/MASS ANALYZER
In order to distinguish the different sputtered species,
we have also used an analyzer which allows combined mass and
energy analysis of emitted ions. This analyzer, manufactured
by Vacuum Generators LTD, is shown schematically in Fig. 2.5.
It consists of a model CMX500 cylindrical mirror energy
analyzer (CMA) mounted in series with a model SXP600
quadrupole mass spectrometer (QMS). The analyzer is
differentially pumped so that during sputtering the analyzer
pressure is about 3x10 "7 Torr while the chamber is lx10 4 Torr
differentially pumped
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Figure 2.5 Schematic of the VG CMX500/SXP600 energy/mass
analyzer used in this study.
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(see appendix A). During use, the analyzer is mounted behind
the substrate region, with the substrate holder removed.
The operation of the analyzer is described as follows:
ions entering the analyzer are first focussed using an einzel
lens, pass through an electron-impact ionizer (turned off for
the detection of ions), and enter the CMA. Inverted
hemispherical deflectors at the entrance and exit of the CMA
divert the ions the proper amount for entry into and exit from
the CMA. Ions of the chosen energy pass through the CMA, are
refocussed and travel into the QMS for mass selection. The
ions are detected using a secondary electron multiplier
operating in the pulse counting mode. During an energy scan,
the entire unit is biased, so that the relative energy of ions
passing through the CMA and the QMS is constant, and so the
quadrupole transmission is constant with energy. The pass
energy of the CMA is normally chosen as 25 eV in these
experiments in order to maximize the ion transmission. This
gives an energy resolution of about 1.5 eV (ref. 99). The ion
energy through the QMS is fixed during a measurement, being
anywhere from about 2 to 20 eV, depending on the measurement.
2.3 FILM PROPERTY MEASUREMENT
2.3.1 ELECTRICAL PROPERTIES
The electrical properties routinely measured to
characterize films are the superconducting transition
temperature TC and the electrical resistivity p. The maximum
current density the film can support and remain
superconducting (the critical current density Jc) is measured
for some films. An in-depth description of these
superconducting properties and details of the superconducting
state can be found in ref. 100.
These three properties are measured with the same
experimental set-up, using a four-point probe which measures
the resistance of a patterned Nb or NbN line. The probe is
lowered into the vapor of a liquid-He dewar for temperature
control. This enables the entire temperature range from room
temperature (300K) to 4.2K to be swept. The temperature is
measured using calibrated platinum and germanium resistance
thermometers. The Pt resistor is useful for temperatures
above about 40K, while the Ge resistor is calibrated for use
from 80K to about 1K. The Ge resistor provides a resolution
and accuracy better than 0.01K. A Lakeshore Cryotronics model
DRC-82C temperature controller uses the calibration data to
convert the measured resistances to temperatures. The
thermometers are mounted (using grease) into holes in the
copper sample-mounting block. The sample is thermally held to
the copper block with grease, and a cover placed over the top
makes electrical contact to the film via four spring-loaded
probes. The signal generation and voltage measurement needed
for the TC and resistivity measurement is performed using an
EG&G model 5209 lock-in amplifier, with a 10 AA low frequency
AC signal (205 hertz) in order to avoid the effects of
thermoelectric noise. Data acquisition is performed through
computer interfacing. A line measuring 40 ym in width and
1.27 mm in length, patterned using conventional
photolithography and etched in a CF4 plasma, is used to enable
measurement of the film thickness and resistivity. The line
thickness is measured using a Dektak model IIA surface
profilometer.
Measuring the film's resistance as a function of
temperature gives both the Tc and resistivity of the film.
The resistivity can be calculated since the dimensions of the
line (across which the voltage drop is measured) are known.
If the film is a superconductor, at a certain temperature the
resistance will drop rather abruptly to zero. For this work
the T. is defined as that temperature at which the resistance
has dropped to half the value it had in the normal, resistive
state just above the transition (this is the standard
definition of Tc for this class of superconductors). Another
property of importance is the width of the superconducting
transition 6Tc. This is taken as the temperature difference
between the points of 90% and 10% drop in the normal-state
resistance. In general, the smaller the value of 6Tc, the
more uniform the film is. The critical current density Jc can
be measured by passing a current through the patterned line,
and measuring the current required to produce a voltage (the
voltage is zero while in the superconducting state). This is
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rather easy for Nb and NbN films, because the voltage onset is
quite abrupt, so that sophisticated voltage measurement
techniques are usually not required.
2.3.2 STRUCTURAL PROPERTIES
The phase of films grown is routinely analyzed using
various X-ray diffraction techniques. X-ray diffraction can
reveal the presence of preferential orientation, or film
texture (from the relative intensity of peaks), gives a rough
estimate of the grain size (from the peak width)101 in the
direction perpendicular to the surface plane, and can also
give an indication of the film stress by shifts in the
position of the diffracted peak (see Appendix C). All films
are initially analyzed using a standard 9/2e diffractometer,
with Cu(Ka) radiation (wavelength = 1.5418 A). Use of a
standard e/2e diffractometer reveals those crystalline planes
oriented parallel to the substrate. By using a fixed 9
(normally a low angle) and scanning 29, diffraction from
randomly oriented planes is observed. Another X-ray geometry
often used is that of Read et al.102, often termed a Read
camera. This is essentially a Debye-Scherrer geometry ,1
except that the sample is mounted stationary with respect to
the incoming X-ray (and at a low angle), and the camera width
is extended.
Transmission electron microscopy (TEM) has been used to
examine the grain size (in the 2D plane of the film) as well
as the phase of the Nb and NbN films. An Hitachi H-500 TEM,
with a maximum accelerating voltage of 125 kV, was used in
this study. The maximum useful magnification was about 150 kX
for obtaining good bright field images. Selected area
diffraction was used to examine the phases present. The
density of spots in each diffraction ring also gives an
indication of the grain size I"3
The TEM sample preparation is relatively straightforward
for these films when deposited on silicon wafers covered by a
thermally grown oxide (Si02) insulating layer about 1 pm
thick. First, the Nb or NbN film is etched down to an
electron-transparent thickness (about 800 A) using ion-beam
etching. Next, a piece of the sample (about 2.5 mm x 2.5 mm)
is bonded to a glass slide, film side down, with an acid
resistant wax, and then covered with a layer of this wax. A
small hole is scratched out of the wax, exposing the middle of
the piece. The sample is then placed in a solution of about 3
parts nitric acid and 1 part hydrofluoric acid, and agitated
intermittently. The solution will etch through a 10 mil Si
wafer in about 7 or 8 minutes. During the last few minutes,
the etched hole is inspected every 30 seconds with a 7X
microscope. When holes are etched down to the Si02, the
bottom of the hole will have a characteristic appearance which
is different from that of the surrounding Si. The Si0 2 etches
slower than the Si, and so acts as an etch stop. When
reaching the SiO 2, the sample is removed from the wax (using
78
hot trichloroethane), and then dipped in buffer HF to remove
the SiO2 layer. The result is a free-standing film of Nb or
NbN about 800 A thick, supported around the edges by the Si
"holder" square. (As could be expected, a perfect sample is
not obtained every time).
The composition of some NbN films has been analyzed using
Auger electron spectroscopy (AES). Because this technique
requires comparison to a standard in order to obtain absolute
composition, Rutherford backscattering" (RBS) has been used
to obtain an absolute composition, and the sample analyzed
using RBS is then used as the AES standard. In the case of
NbN, the N composition can only be determined to within about
5% using RBS.
CHAPTER 3
ANALYSIS OF THE SPUTTERING PROCESS
In order to elucidate the processes occurring during
reactive sputtering, we have used a quadrupole mass
spectrometer equipped with a band-pass ion energy filter to
measure the mass and energy distributions of ions emitted
during the reactive ion-beam sputtering of a niobium target.
The mass spectra reveals the chemical nature of species
incident on the substrate, as well as indicating the surface
composition of the target. This is essentially a dynamic SIMS
(secondary ion mass spectroscopy) surface analysis. Energy
analysis reveals the role each species may play in influencing
film properties.
The ion energy distribution has also been examined using a
retarding field energy analyzer designed as part of this
study, which measures the total ion energy distribution as
described by Hutchinson97 (with no mass filtering). This
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analyzer can also be used to qualitatively measure the
energetic neutral bombardment during sputtering, as described
by Brodie and Lamont". This allows the relative amounts of
substrate bombardment to be determined upon changing
sputtering conditions.
The use of ion-beam sputtering allows the ionized target
effluents to be analyzed most nearly in the "as sputtered"
state, compared to other sputtering techniques. This is
because: deposition is performed at low enough pressures that
gas-phase collisions of sputtered particles are negligible,
and the target-to-substrate region is nearly field-free. The
monoenergetic nature of the ion beam also aids in the
interpretation of the energy distributions.
Particles incident on the substrate during sputtering
include105 background gases, plasma ions, sputtered target
material, and beam ions which reflect, or scatter, from the
target. Although it would be ideal to detect all sputtered
particles, the sputtered ions make up only a small fraction of
the total sputtered flux4 ; most are neutrals. Because the ion
yield is different for each species43,1' , and is a function of
the sputtered particle energy40 , it is difficult to
quantitatively determine the total flux of each species. The
sputtered ion energy distribution is also expected to be
different than the neutral energy distribution, although they
are closely related"4 . Likewise, most of the reflected primary
ions will not be detected because they are neutralized upon
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impact with the target, except for a fraction of those which
only undergo a single collision with the target. 3436,107
Studying the ionized species can qualitatively reveal many
aspects of the reactive sputtering process, and should
contribute towards the understanding of the film growth
environment during reactive sputtering. However, it can only
be considered a complete study by including analysis of the
neutral sputtered and reflected species, which requires post-
ionization of the neutrals. This shares some of the same
uncertainties concerning ion yields as mentioned for the
sputtered ions.
3.1. ANALYSIS OF EMITTED IONS USING ENERGY/MASS ANALYZER
The mass and energy analysis presented in this section has
been carried out using a VG SXP600 quadrupole mass
spectrometer (QMS) equipped with a compact cylindrical mirror
energy analyzer (CMA), as described in Chapter 2 and shown
schematically in Fig. 2.5. The incident ion species are
detected using a secondary electron multiplier operating in
the pulse counting mode, ensuring that the count rates of
different species will not be effected by variations in the
secondary electron yield of the multiplier. During an energy
scan, the quadrupole is set to transmit a preselected mass.
Conversely, to obtain a mass spectrum, the energy of analyzed
particles is fixed.
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The experimental set-up for this analysis during ion-beam
sputtering is shown in Fig. 3.1. For the results presented in
this section, a noble gas is added into the ion source, and
nitrogen is added directly into the chamber. The chamber
argon pressure is about 8x10.5 Torr during deposition with 5
sccm (standard cubic centimeters per minute) of argon flow.
This gives a mean-free-path of nearly 60 cm for Ar of thermal
energies, whereas the distance from the target to the analyzer
housing is 35 cm. More energetic particles will have much
longer mean-free-pathsI" , so gas phase collisions of particles
emitted from the target will be negligible. Due to the low
gas-flow conductance of the ion source grids, the argon
pressure in the source is calculated to be about 23 times
higher than the chamber pressure. Therefore, the ion beam
will contain essentially all argon ions even with nitrogen
added in the chamber (see appendix A).
Besides the case of reactive sputtering with argon gas, we
have also examined the reactive sputtering with xenon, as well
as sputtering a NbN compound target with argon ions. The NbN
compound target consists of a dc-magnetron-sputtered NbN film
(about 6 Am thick) deposited on a copper plate. This NbN was
deposited under conditions which produce films having a
superconducting transition temperature (R=O) of greater than
15 K, measured resistively.
argon,
2_L .
ion-source analyzer
It
Nb
target
valve !nitrogen
in
Figure 3.1. Schematic illustration of the ion-beam sputtering
system during analysis with the VG energy/mass analyzer.
shield
3.1.1. MASS SPECTRA OF IONIZED SPECIES
The mass spectra of ions obtained during sputtering with
1200 eV, 84 mA argon ions is shown in Fig. 3.2. The energy of
the ions sampled is 10 eV. Along with a strong Nb÷ signal,
Nbn÷ clusters with n as large as 5 are observed. Also present
are Ar+, Ar+2, and argon cluster ions (Ar2+).
Upon adding nitrogen into the chamber, various NbN +
molecules are also observed in the mass spectrum, as well as
N2' and N+. This is shown in Fig. 3.3 for reactive sputtering
with argon (1200 eV, 84 mA) and xenon (1200 eV, 43 mA), as
well as for the sputtering of a NbN compound target with argon
(1200 eV, 84 mA). The nitrogen added during these
measurements is that amount found to maximize the
superconducting critical temperature of the NbN films,10 9,110 and
the Ar+ and Xe+ beam currents chosen result in roughly the same
Nb deposition rate. The peak heights have been normalized so
that the Nb+ peak heights are equal. Although the same ion
species are observed in each case, they do not appear in the
same ratios. A significant difference is seen in the N9 and
N2 signals, which are relatively much larger during reactive
sputtering using argon than they are when sputtering the
compound target or reactively sputtering with xenon. Also
note that the NbN+ signal is relatively smaller when
sputtering the compound target with argon ions.
85
156213-8
-
Ar 
2
n-
Nb+2
NbA I I I I
Nb÷
Nb2
Ix10
Nb Nb4  Nb5
n a [1
40 80 120 160 200 240 280 320 360 400 440 480
MASS (amu)
Figure 3.2. Mass spectrum of ions emitted during ion-beam
sputtering of Nb with a 1200 eV, 84 mA Ar+ beam. Ions with an
energy of 10 eV have been sampled.
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Figure 3.3. Comparison of mass spectra obtained by: reactive
sputtering with 1200 eV, 84 mA Ar and 0.9 sccm N2 added (solid
bars) ; reactive sputtering with 1200 eV, 43 mA Xe, and 0.7
sccm N2 added (hatched bars); and sputtering of a NbN compound
target with 1200 eV, 84 mA Ar+ (open bars). Ions with an
energy of 8 eV have been sampled.
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DISCUSSION
The mass spectra obtained during the sputtering of niobium
(Fig. 3.2) indicates that more than 50% of the total sputtered
Nb ions are in molecular form. Such a large signal from the
diatomic ions (Nb 2 ) has been observed by Wittmaack43 , and is
also observed when sputtering other materials43, such as Ta.
However, it is known that the ionized fractions can be very
different for different species because of differences in the
ionization probability. Particularly, Oechsner42 found that
the fraction of neutral (post-ionized) diatomic species to
atomic species was on the order of 0.02 (or 2%) when
sputtering Ta with 1000 eV Ar+. Therefore, the Nbn clusters
may not contribute substantially to the total particle flux.
During reactive sputtering, the NbN+ intensity is found to
be about one third that of the Nb÷ signal, as shown in Fig.
3.3. A study of sputtered neutrals by Coburn et al.45
indicated that the NbN molecule may comprise more than 10% of
the total particle flux during reactive sputtering using 1000
eV argon. Therefore, the NbN molecule may contribute to the
overall Nb flux to some degree, although it is not possible to
know exactly how much is present. The molecules having
kinetic energies greater than the molecular binding energies
may dissociate upon impact with the substrate. It is not
clear what effect deposited molecular species would have on
the film growth process, although the molecules would be
expected to have a lower surface mobility than atoms.
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The comparisons of the mass spectra in Fig. 3.3 show that
when reactive sputtering, the sputtered species are similar to
those found using a compound target. This clearly indicates
that the Nb target surface has reacted in the presence of N2
to form a nitride layer, which is dynamically sputtered. Note
that when sputtering from the NbN compound target, the NbN÷
peak is relatively smaller than when reactive sputtering.
Using the sputtering conditions listed in Fig. 3.3, a film
deposited using the compound target was found to have a
composition Nb1N0.. as measured using Auger electron
spectroscopy, whereas a film deposited by reactive sputtering
with Ar+ had a composition Nb1No.s5. (A film analyzed by
Rutherford backscattering spectroscopy was used as a
composition standard, although the nitrogen content can only
be determined to within about 5% in this case.) This reveals
the importance of maintaining some form of excess nitrogen in
order to approach stoichiometry in the growing film. (A
composition close to stoichiometric is usually desired when
using NbN for its superconducting properties because the
superconducting critical temperature (T,) is maximized as the
N/Nb ratio in the material approaches one.83'111)
Also evident from the mass spectra in Fig. 3.3 is a large
nitrogen signal (N+ and N2+) observed when reactively
sputtering with argon and nitrogen. We believe that these
ions are formed in the gas phase via an asymmetric charge
exchange reaction between the argon beam-ions and the N2 gas,
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and are not sputtered from the target. Because the ionization
potential of argon (15.76 eV, ref. 112) is very close to that
of N2 (15.6 eV, ref. 112), charge exchange is favorable. The
ionization potential of xenon (12.13 eV, ref. 112) is further
from that of N2, so charge exchange is much less favorable113 ,
and a correspondingly smaller nitrogen ion signal is observed
in Fig. 3.3. When the analyzer is physically moved so that it
is aimed only at the beam (and does not detect the sputtered
species), the same nitrogen ion species are observed, and
again many more nitrogen ions are seen when sputtering with
Ar÷ than with an equal Xe÷ current (and equal N2 pressure).
This supports the premise of a gas phase ionization mechanism
for the formation of these ions. When sputtering the NbN
compound target with argon, the background N2 pressure is very
low, so little charge exchange is possible. Since relatively
few nitrogen ions are observed in the mass spectra when
sputtering the compound target, it appears that most of the
sputtered nitrogen ions are neutral species.
3.1.2. ENERGY DISTRIBUTIONS OF IONS
The normalized energy distributions of Nb÷, Nb2÷, and Nb3+
obtained during sputtering without nitrogen are shown in Fig.
3.4. The Nb+ distribution is seen to peak at about 10 eV,
with a tail extending to beyond 50 eV. Note that the
distributions are very similar for the different ion species,
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Figure 3.4. Energy distributions of Nb+, Nb2 , Nb , and Ar'
emitted during sputtering with 1200 eV, 100 mA Ar. The peak
heights have been normalized to ease comparison.
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although the intensity falls off slightly faster at higher
energies, and the peak shifts to lower values, with increasing
cluster size (n). The effect of primary beam energy on the
Nb+ energy distribution is shown in Fig. 3.5, comparing
sputtering with 1400 eV and 400 eV Ar+. The only noticeable
effect of lowering the beam energy is a slight decrease in the
intensity of the high-energy tail. (The absolute signal
intensity also decreases due to the lower sputtering yield).
The argon ion energy distribution is included in figure
3.4, and reveals that most of the Ar+ is of low energy, a few
electron volts. However, extending the scan to high energies
and magnifying the scale reveals the presence of a high energy
Ar+ peak. In Fig. 3.6, the Ar+ energy distribution is shown
for a series of primary beam energies ranging from 600 to 1200
eV, with a beam current of 125 mA. The lower energy part of
the spectrum (which goes off scale) is relatively unaffected
by the primary beam energy. However, the high energy peak is
observed to scale with the primary energy, occurring at
0.2*E o, where Eo is the primary beam energy. This corresponds
exactly to the expected energy of Ar÷ scattered (reflected)
135 degrees in a single collision with a Nb atom. This is
purely classical scattering between argon and Nb atoms; at
these collision energies, inelastic effects resulting from the
Nb atoms being bound in the solid are negligible. When using
xenon gas, no energetic reflected ions are observed, because
it is impossible for xenon to scatter 135 degrees in a single
92
156213-5
0.2
0.0
0 5 10 15 20 25 30 35 40 45 50
ENERGY (eV)
Figure 3.5. Energy distributions of Nb* sputtered with 1400
eV and 400 eV Ar÷ (100 mA). The peak heights have been
normalized to ease comparison.
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Figure 3.6. Energy distributions of Ar+ emitted during
sputtering with beam energies of 600, 800, 1000, and 1200 eV,
and a beam current of 125 mA. Also shown by the dashed line
is the Ar + distribution when sputtering with 1000 eV, 125 mA
Ar + and 2 sccm N2 added.
collision with Nb (this does not rule out the presence of
multiply scattered neutral xenon). The addition of nitrogen
does not appear to affect the Ar+ energy distribution at low
energies, although the high energy peak nearly disappears.
This is shown by the dotted line in Fig. 3.6, for sputtering
with 125 mA, 1000 eV Ar* and 2.0 sccm nitrogen added.
When reactive sputtering, the energy distributions of
sputtered species are found to be similar to those of the Nbn+
species observed when sputtering without nitrogen, although
the intensity of the high energy tail has increased. The
distributions of the Nb+, NbN÷, Nb,2 , and Nb2N+ are shown in
Fig. 3.7 when reactive sputtering with argon at 1200 eV and 84
mA. Again, note that for the larger-mass molecules, the high
energy tail falls off more rapidly with energy, and the main
peak shifts to slightly lower values. The ion energy
distributions obtained when sputtering the NbN compound target
and reactive sputtering with xenon are not significantly
different than those shown in Fig. 3.7.
The energy distributions of the N+ and N2 are shown in
Fig. 3.8. The N÷ distribution peaks at about 5 eV, and has a
high energy tail extending beyond 50 eV. The N2+ distribution
is dominated by low energy species, with only a small fraction
of the ions above 5 eV of energy. The N2+ distribution is
virtually identical to that of Ar+ at the low energies. Also
shown in Fig. 3.8, as an energy reference, is the neutral N2
distribution, obtained by repelling incident ions, and using
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Figure 3.7. Energy distributions of Nb÷ , NbN÷, Nb2 , and Nb2N2
sputtered during reactive sputtering with 1200 eV, 84 mA Ar
with 0.9 sccm N2 added. The peak heights have been normalized
to ease comparison.
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Figure 3.8. Energy distributions of N+, N2 , and thermal N2during reactive sputtering with 1200 eV, 84 mA Ar+ and 0.9
sccm N2 added. The N2 and N+ peaks have been normalized; the
absolute N2+ peak height is about 12 times that of the N+
peak.
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the ionizer in front of the CMA to ionize the neutrals.
When adding N2 into the ion source, the results are not
significantly different than when N2 is added into the chamber
directly. As when sputtering with Ar÷, we would expect to see
energetic N÷ or N2÷ scattered from the target, but none was
observed, meaning they are either neutral particles or are not
present. This will be addressed further in the section on
energetic neutral bombardment (section 3.3).
DISCUSSION
The energy distribution of Nb÷ shown in Fig. 3.4 is
similar to that reported for Nb post-ionized neutrals27 , except
that the peak is shifted to a slightly higher energy (from
about 4 eV to 10 eV). The ion distribution is expected to
peak at a higher energy than that of the neutrals40, and the
fall-off of the high energy tail with increasing cluster size
is also expected114 . Also, low energy ions emitted from the
target are expected to be repelled by the small positive
potential of the ion-beam17 , which would make it appear that
the distribution has slightly shifted to higher energies.
What is most important to note from the ion energy
distributions is that the average energy per Nb atom is nearly
20 eV, and that this average energy is nearly independent of
the primary ion energy. This was also shown to be true for
post-ionized sputtered Nb neutrals by Dembowski et a127 . Thus
the sputtered Nb arrive with a much higher energy than
typically associated with a thermal evaporation process, in
which energies are less than 1 eV.
Along with the energetic sputtered particles, the high
energy reflected species must be considered when discussing
film growth. The reflected ions shown in Fig. 3.6 can be
taken as only a small fraction of the total reflected
yield, 7"' with multiple scattering events producing reflected
species of higher and lower energies3 5 . From the theoretical
treatment by Bottiger et al21 and Biersack and Eckstein20 , the
total reflected yield (the fraction of incident Ar reflected)
is expected to be about 0.14 under these conditions (1200 eV
Ar' incident on Nb, at 300 from the target normal). The
presence of reflected species is therefore expected, and they
are believed to influence film properties98 115-17. This
measurement (Fig. 3..6) of the singly-scattered argon ions
under conditions used during film growth verifies the presence
of energetic reflected species which are energetic enough to
implant into the growing film 118.
These results clearly reveal that energetic bombardment
occurs during film growth when using ion-beam sputter
deposition, and is expected to occur when using any other
sputtering technique operable at pressures low enough to
minimize gas-phase collisions. Such energetic deposition
conditions are similar to those obtained by ion-assisted
means119, and are expected to produce films of very small
grains119 and having compressive stress15 when deposited at low
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temperature (T/Tm < 0.3). As will be discussed in Chapters 6
and 7, Nb and NbN films deposited in this system under these
conditions do have very small grains (on the order of 10 nm as
indicated by X-ray diffraction line broadening and bright-
field TEM) and are under compressive stress (as indicated by
X-ray diffraction). This is generally observed to be true of
ion-beam sputtered films deposited at ambient temperature" .
One would expect that the energetic bombardment could be
reduced by operating at a lower beam energy. We have found
(Fig. 3.5) that reducing the primary beam energy during film
growth has little effect on the energy of sputtered particles,
but the energy of reflected species does decrease
substantially. However, with lower beam energies the sputter
yield decreases and the total reflected yield is expected to
increase2 0, so that the incident energy per depositing niobium
atom is expected to decrease only slightly, at least in the
region below a few keV (see Appendix D). Lowering the energy
of sputtered particles would be accomplished more effectively
by increasing the total pressure, so that gas-phase scattering
120occurs . The energy and abundance of reflected species
should be minimized most effectively by sputtering with gases
whose mass is large compared to that of the target20' 21 , such as
xenon in this case. The reflected atoms are found to have a
large effect on Nb film properties, as will be discussed in
Chapter 6.
When adding nitrogen during reactive sputtering, the
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energetics of the sputtered species do not seem to change
significantly. The sputtered ions have energies similar to
those obtained when sputtering without nitrogen (comparing
Figs. 3.4 and 3.7). The energetic tail of the Nb÷
distribution is seen to increase noticeably with the nitrogen
addition, although we believe that this is only an artifact
caused by the chemical enhancement of the ion signal due to
the reacted nitrogen on the surface". In contrast, the
intensity of reflected ions is seen to change upon adding
nitrogen, as shown by the decrease in the reflected ion signal
(Fig. 3.6). This decrease occurs because Ar÷ now scatters
from both Nb and N (on the target surface). The argon can not
scatter through 1350 in a single collision with nitrogen due
to the nitrogen's low mass, and so Ar+ scattered from N is not
detected. We have found that monitoring the peak height of
the reflected Ar+ as nitrogen is added can be used to directly
measure the nitrogen coverage of the target during reactive
sputtering1 21 , as will be described in Chapter 4.
The nitrogen energy distributions, shown in Fig. 3.8, are
not as easily explained. The N2+ is expected to be dominated
by charge exchange ions as discussed previously, creating ions
with a few eV of energy due to the small space charge of the
ion beam17. However, the N÷ distribution contains ions of
unexpectedly high energy, like those of a sputter
distribution. We have observed a similar N+ energy
distribution when sputtering a copper target in argon and
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nitrogen110 , in which case there is no target reaction. We
have also observed this N÷ distribution when the analyzer is
physically moved so that it sees only the ion beam, and no
sputtered Nbx ions. Therefore, we believe that gas-phase
processes are responsible for the majority of the N+ observed,
although the energy distribution shows that simple charge
exchange must not be the only process occurring. Nitrogen is
known to undergo dissociative ionization under Ar4 impact122,
but the cross section for dissociative ionization is about 40
times less than the charge exchange cross section 123 for N2
production, and the ratio of the N2÷ to N+ peak heights is only
about 12. No complete explanation of the origin of these N÷
species has been achieved. Although sputtered atomic nitrogen
surely must exist, they are evidently mainly neutrals.
[Although only the emitted ions are analyzed in this study, it
appears that some sputtered neutrals are being ionized as they
pass through the ion beam, as was found by Wittmaack4° when
sputtering with large ion current densities. There are two
results supporting this idea. For one, the ion signal of Nb÷
is more intense than the Nb2' signal in these experiments;
Wittmaack43 has shown that the Nb2' signal should be larger than
that of the Nb+ if no post-ionization of neutrals occurred.
Also, by positively biasing a probe near the ion beam, the
energy of the sputtered ions shifts equally positive. This
indicates that many ions form in the beam region, and are then
accelerated out by the beam "plasma" potential. If these ions
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formed immediately as they were sputtered, they would be
repelled back to the target when raising the beam plasma
potential.]
3.2 RETARDING FIELD ANALYZER FOR ION ENERGY DISTRIBUTIONS
As described and shown in the experimental section (2.2.2,
Fig. 2.4), the total ion energy distribution can be measured
with the retarding field analyzer. The measured ion signal is
an integral of the energy distribution, so the differential of
the measured current versus retarding potential curve gives
the energy distribution.
Figure 3.9 shows the measured current versus retarding
potential obtained in this way, when sputtering with argon at
1200 eV and 84 mA. Data were taken at 10 V intervals. The
energy distribution can be obtained by approximating the
derivative of this curve simply by subtracting one point from
the next. Each point of the resulting energy distribution is
then an average over a 10 eV energy range. The energy
distributions obtained when sputtering with argon (no
nitrogen) at 1200 eV and 800 eV are shown in Fig. 3.10. Note
that the distributions look much like the Ar+ distributions
shown previously in Fig. 3.6; most of the ions have a
relatively low energy, although a high energy peak is observed
which corresponds to Ar÷ reflected from the target in a single
collision. The high energy peak is broader than that shown in
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Figure 3.9. Measured ion current versus retarding field, when
sputtering with argon (no N2) using 1200 eV and 800 eV beam
energies, and a beam current of 84 mA.
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Figure 3.10. Measured ion energy distribution,
differential of the curves shown in Fig. 3.9.
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Fig. 3.6 because of the larger angular acceptance of this
analyzer and the low resolution obtained due to the data
collection interval of 10 eV.
The energy distribution obtained when adding nitrogen to
the system is shown in figure 3.11. With nitrogen added, the
high energy peak associated with the reflected Ar÷ virtually
disappears, as discussed previously, but more low energy ions
are observed. This can be explained by the ionization
enhancement of the sputtered Nb÷ species caused by the reacted
nitrogen on the target surface", which was also seen when
using the energy/mass analyzer. These ion energy
distributions mainly serve to support the results obtained
using the energy/mass analyzer, and show the effectiveness of
using such a simple (and inexpensive) analyzer.
One important effect during ion-beam sputtering discovered
when using this analyzer is that the low energy ions are
shifted positively in energy by the application of a positive
bias nearly anywhere in the system. It appears that a
positively biased electrode acts as an electron sink, raising
the potential of the ion beam17 . Any ions (mainly charge
exchange ions) formed in the beam are then accelerated upon
diffusing to the beam edge. This energy shift is observed
when a nearby ion gauge is turned on (positive grid bias) or
when the ion-beam accelerator grid is brought from about -50 V
towards 0 V (ground), and the very low accelerator potential
is not high enough to repel the secondary electrons from
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Figure 3.11. Measured ion energy distribution during sputtering
with argon gas at 800 eV and 84 mA, with and without nitrogen
added.
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entering the ion-source. This shift in ion energy is shown in
Fig. 3.12 when sputtering with 1200 eV, 84 mA Ar%, and using
accelerating voltages of -50, -10, and -1 V. This reveals
that to minimize the ion bombardment during growth, all
positive potentials must be turned off or shielded.
3.3 ENERGETIC NEUTRAL ATOM BOMBARDMENT MEASURED WITH THE
RETARDING FIELD ANALYZER
To measure neutral atom bombardment at the substrate, I
have used the retarding field analyzer in a mode which
measures the secondary electron emission from the collector
under neutral atom bombardment, as described by Brodie et
al.98 and others. '12 ' The secondary electron current measured
gives a relative indication of the total bombardment present.
Neutral atoms are known to make up the majority of the atoms
incident on the growing film. The experimental set-up is
shown schematically in Fig. 2.4, and described in Section
2.2.2. By biasing grids G1 (-100V) and G2 (+100V), both
electrons and ions are repelled, so that only neutrals are
allowed to strike the collector (-60V), and the secondary
electrons emitted upon impact are measured as the collector
current. (When the collector is biased positively, the
collector current is observed to go to zero, as it should.)
The energetic bombardment has been compared for two
reactive sputtering scenarios: nitrogen is either injected
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Figure 3.12. Energy shift of the low-energy ions when changing
the accelerator voltage from -50 V to -10 V and -1 V.
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into the ion source with the noble sputtering gas (Ar or Xe)
to obtain an ion beam of nitrogen and noble gas ions, or is
injected directly into the chamber as neutral molecules so
that the ion beam is composed of essentially all noble gas
ions.
The measured secondary electron emission current versus
nitrogen flow is shown in Fig. 3.13, when reactive sputtering
with either Ar or Xe gases. With N2 added outside of the ion
source, the secondary electron emission is seen to abruptly
increase with N2 flow at about 0.4 sccm flow, and gradually
level off at higher flows. When N2 is added in the source,
the secondary electron emission again increases abruptly at
the same N2 flow. However, the emission continues to rise as
the N2 flow increases when sputtering with Ar, but levels off
when sputtering with Xe.
The N2 flow corresponding to the abrupt transition region
in these curves corresponds to the transition from a Nb to a
NbN film. Since the collector surface also changes from Nb
to NbN, the observed increase in secondary emission with N2
flow is consistent with the NbN having a higher secondary
electron emission coefficient than the Nb. Lewis et al. 126
have seen that TiN and AlN (films on the parent metal)
bombarded with N2 ions have a higher secondary electron yield
than Ti and Al bombarded with argon ions. To our knowledge,
the secondary electron yield of a NbN layer (on Nb) under Xe,
Ar or N2 ion bombardment has not been independently measured.
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Figure 3.13.. Secondary electron emission current due to
neutral atom bombardment of the collector as a function of
nitrogen flow, when sputtering with either Ar or Xe gases at
1200 eV beam energy.
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Very little quantitative information is available
concerning the secondary electron yields of materials under
neutral atom bombardment, although it is believed that the
electron emission increases linearly with the kinetic energy
of the incident neutral particle 25 . Other features evident
from this measurement are: 1) there is sufficient bombardment
to produce secondary electrons even with no N2 added to the
system, although the bombardment appears to be less when
sputtering with Xe; 2) when sputtering with Ar additional
electron emission is observed when N2 is added in the ion
source; and 3) when sputtering with Xe gas, there is no
noticeable difference between adding N2 in or out of the ion-
source.
Brodie et al.98 have shown that the observed secondary
electron emission at the detector is proportional to the
amount of energetic neutrals reflected from the sputtering
target, and not to the deposition rate. The reflected energy
and reflection probability are expected to increase as the
mass of the beam ions is decreased, 107,20,21 and so a larger
electron current when sputtering with Ar compared to Xe is
consistent with more scattered beam atoms. When sputtering
with Ar, the additional emission current measured at high N2
flows with nitrogen added in the ion source would then be due
to N (or N2) scattering. Because the nitrogen is lighter than
Ar and is expected to scatter with a higher probability, the
overall bombardment would increase with the fixed beam current
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and energy. The fact that the difference in the two curves is
proportional to the percent nitrogen in the ion source further
supports the premise that reflected nitrogen bombardment is
responsible for the excess electron current. So, although
energetic reflected nitrogen ions were not observed when using
the energy/mass analyzer, the presence of reflected nitrogen
is indicated (although indirectly) by this measurement of the
energetic neutral bombardment. This would indicate that the
reflected nitrogen species are predominantly neutral.
When sputtering with Xe and adding N2, the fact that there
is no observed difference between adding N2 in or out of the
ion source may merely indicate that little nitrogen is being
ionized in the ion source. This idea is supported by results
described in chapter 4, and calculations given in Appendix A.
3.4 CONCLUSIONS
The study of sputtered ions reveals various details of the
sputtering and reactive sputtering processes. The sputtered
ions are found to be composed of both single atoms and
clusters. During reactive sputtering, the appearance of
species such as NbN+ and Nb2N+ indicates that the target reacts
with the added nitrogen. The fact that the target reacts with
very few nitrogen ions present seems to indicate that the
reaction is mainly caused by thermal nitrogen (adsorbed, or
chemisorbed, on the surface). Comparing the sputtered
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products when reactive sputtering to those obtained when
sputtering a compound target, we see no fundamental
differences in the sputtered species. However, the relative
intensities of species are slightly different, and indicate
that the target surface is more fully nitrided during reactive
sputtering.
We have shown that energetic sputtered species, as well as
high energy reflected primary ions having energies of hundreds
of eV, are prevalent at the substrate under typical ion-beam
sputtering conditions. The energy of sputtered ions is found
to be largely independent of the primary beam energy. The
energy of singly-scattered reflected Ar+ ions is directly
proportional to the beam energy, and so the energy of this
bombardment at the substrate is reduced when using a lower
primary beam energy. The energetic bombardment is reduced
when sputtering with a heavier sputtering gas such as xenon,
as indicated by the measurement of the energetic neutrals.
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CHAPTER 4
ANALYSIS OF THE REACTION PROCESS
During reactive sputtering, the added reactive gas
interacts with both the depositing film and the sputtering
target. The main questions concerning these reactions are: 1)
what reactive gas species are reacting (neutral molecules,
ions, or atoms, for example); 2) what role do the reactions at
the substrate and target play in controlling the film
composition; and 3) what mechanisms control these reactions?
In typical sputtering systems, the reactive gas is a part
of the sputtering plasma, and so the reactive gas will be
present in a mixture of states (neutral, ionized, etc).
Because the target and substrate environments are not
independently controlled, it is difficult to separate the
effects of reactions occurring at either location. For these
reasons, and others mentioned in the introduction, typical
diode or magnetron systems are not appropriate for performing
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studies of the reactive sputtering process.
The use of ion-beam reactive sputtering does allow
sufficient control to study some aspects of the reaction
process. The sputtering plasma (ion-source) is removed from
the target and substrate region, which provides the ability to
separate the effects of the substrate and target reactions
somewhat, and allows some control of the reactive species
present. Because the target is not biased when ion-beam
sputtering, the ions emitted from the target can be used to
analyze the target reaction process dynamically.
In this chapter, the reaction processes investigated
include: 1) comparing the relative effects of the substrate
and target reactions on controlling the film composition; 2)
direct examination of the target reaction process using the
surface analysis techniques of ion scattering spectroscopy
(ISS) and secondary ion mass spectrometry (SIMS); and 3) a
comparison of the effects of neutral N2 molecules and ionized
N2+ on the target reaction.
4.1 EFFECTS OF THE SUBSTRATE AND TARGET REACTIONS ON FILM
COMPOSITION
When ion-beam sputtering with an argon ion-beam of 1200 eV
and 84 mA, the effects of adding nitrogen gas to the system on
the nitrogen pressure, deposition rate, film composition, and
superconducting critical temperature Tc are shown in Fig. 4.1.
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Figure 4.1. Variation of the nitrogen pressure, deposition
rate, film composition, and critical temperature TC with
nitrogen flow when sputtering with 1200 eV, 84 mA argon.
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The nitrogen has been added outside of the ion-source, so that
nearly all of the nitrogen present is in the form of neutral
molecules (charge exchange nitrogen ions form only a small
fraction of the overall N2 flux). The drop in the deposition
rate that occurs as the N2 flow is increased beyond about 0.4
sccm is due solely to the effects of nitrogen reacting at the
target surface, lowering the effective Nb sputtering yield.
This reaction appears to nearly saturate at flows just above 1
sccm. Because the nitrogen pressure does not begin to rise
substantially until about 0.4 sccm of N2 flow, there must be
reactions occurring with the growing film (depositing on all
chamber surfaces) before the target begins to react
significantly. The measured values of the film composition
(from Auger electron spectroscopy, AES) show that the
composition saturates only after the flow has increased beyond
1 sccm, at which point the target reaction has saturated. The
Tc, which is expected to depend in part on the film
composition, shows this same basic trend. Because the
substrate and target reactions are occurring simultaneously to
some extent, the fact that the target has fully reacted at the
point of the maximum nitrogen incorporation could mean either
that the target is an indicator that sufficient nitrogen has
been added, or that the target reaction is an integral factor
controlling the film composition. (The fact that the N/Nb
ratio is significantly less than one indicates that the films
are nitrogen deficient, which is expected of NbN (ref. 81).
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In order to obtain some separation of the target and
substrate reactions, the N2 pressure can be locally increased
by physically enclosing the substrate region with a
conductance limiting aperture. (This is the conductance
limiting enclosure used with the substrate plasma, shown in
Fig. 2.3 and described in Appendix A.) The nitrogen is then
added locally at the substrate, and the low gas-flow
conductance enables the pressure at the substrate to be about
ten times higher than the pressure in the chamber. Therefore,
before the target begins to react sufficiently, the incident
N2 flux at the substrate is much higher than the Nb flux,
which should allow saturation of the substrate reaction before
the target reaction begins.
Using this arrangement to locally increase the N2 pressure
at the substrate, films were deposited using an argon ion-beam
of 1200 eV, 160 mA. The measured film composition, Tc, and
deposition rate are shown in Fig. 4.2. The deposition rate
shown is measured outside of the substrate region. Because of
the shadowing caused by the conductance limiting tube, the
deposition rate at the substrate was only 0.3 A/s with no N2
flowing. As shown by the deposition rate curve, the target
begins to react appreciably at N2 flows above -0.5 sccm. This
means that below this flow reactions only occur with the
depositing material. The measured film compositions reveal
that increasing the local N2 pressure at the substrate does
enhance the substrate reaction (compare the film composition
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Figure 4.2 Variation of the deposition rate, film
composition, and TC with nitrogen flow, when the nitrogen
pressure has been locally increased at the substrate. These
results are obtained when using an argon ion-beam operating at
1200 eV and 160 mA.
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at low flow in Figs. 4.1 and 4.2). However, the measured N
composition increases as the N2 flow is increased beyond the
point where the target reaction proceeds.
All of the films deposited in this manner were found to be
the cubic 6 phase of NbN using X-ray diffraction. The
superconducting critical temperature is seen to follow the
general trend shown by the film composition, increasing
abruptly in the region corresponding to the occurrence of the
target reaction.
From these results it can be concluded that 1) the
substrate reaction of N2 with the growing film can result in
significant nitridation, but 2) the occurrence of the target
reaction appears to be more effective in increasing the
nitrogen content (and Tc) of the films. The reacted target is
expected to act as an additional source of nitrogen to the
film, probably in more reactive forms than molecular nitrogen.
In the normal system configuration, without a nitrogen
pressure differential, the target reaction effects should be
relatively more important because the N2 pressure at the
substrate will be lower. Therefore, because the target
reaction has a large effect on the film composition as well as
on the sputtering process parameters, it is important to have
a good understanding of the target reaction process, and so
the analysis of the target reaction will be the focus of the
rest of this chapter.
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TARGET REACTION ANALYSIS
As described in the previous section, when sufficient N2
is added during reactive sputtering, the deposition process
parameters change rather abruptly within a narrow N2 flow
range. Although it is accepted that this is due to a reaction
occurring at the target (or cathode) surface4 ,47 ,52, the reaction
mechanisms are not well understood4 . One reason for this is
that with typical sputtering configurations it is not possible
to independently control key process parameters. Thermal
neutral N2 and ionized N2' are present simultaneously, and so
it is difficult to determine the effect that each species
plays in the target reaction.
In this section, I report the results of an in situ,
dynamic analysis of the nitrogen coverage of the target using
ion-scattering spectroscopy (ISS), which is the most surface-
sensitive of existing compositional analysis techniques"1 . I
have also monitored the reactive coverage of the target using
secondary ion mass spectrometry (SIMS), which is not expected
to be quite as sensitive to the topmost atomic layer as ISS.
These two approaches are somewhat complimentary, in that ISS
measures surface coverage regardless of the bonding between
the reactive gas and the target, and SIMS measures only
reactive species which have bonded with the target.
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In order to gain information about reaction processes, the
target coverage data have been compared to a model describing
the reactive coverage as a function of nitrogen flow. The
model is based on models presented by Shinoki and Itoh53, Berg
et al. 61 and Larsson62, with some modifications. The model will
be described first, and then compared to the target coverage
measured using ISS and SIMS.
4.2 TARGET REACTION MODEL
To model the nitrogen coverage of the target, the same
basic approach as used by Shinoki and Itoh53 , Berg et al.61, and
Larsson6 has been employed. At any given nitrogen flow, a
steady state target coverage is obtained as a result of
competition between nitrogen incorporation and nitrogen
sputtering from the target. This is a part of the reactive
sputtering model to be presented in the next chapter, but is
also included here since it is applied in this chapter
directly to the surface coverage measurements. (A summary of
the parameter definitions used in the model is given in Table
5.1.)
Nitrogen arrival and incorporation on the target surface
could be due to the thermal background nitrogen, or due to
ionized (or excited) nitrogen impingement. The thermal
nitrogen incorporation rate is given by 2atF. (1-9t). Here, F
is the arrival flux of N2 obtained using kinetic theory and
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the measured nitrogen pressure (assuming 300 K gas), at is the
sticking coefficient of N2 on clean Nb, the 2 accounts for the
two nitrogen atoms per molecule, and et is the fractional
coverage of the target. This relation assumes that nitrogen
only sticks to the unreacted portion of the target, 1-e8
(which implies a linear dependence on the overall sticking
coefficient with surface coverage, up to a monolayer of
coverage). Adsorption studies have shown that only about a
monolayer of nitrogen sticks to a clean Nb surface.128 The
nitrogen ion (N2z) incorporation rate is given as
2at *xt- (J/e) (1-et), where a t is the sticking coefficient of
the N2 ions to the target, and Jb/e is the measured ion flux at
the target. The term xt describes the fraction of nitrogen
ions in the sputtering plasma (or the ion beam), and depends
on the relative pressures of each gas, and their ionization
probabilities. If the ions in the ion-source plasma are
assumed to not interact with other gases (for example, no
charge exchange collisions), the fraction of nitrogen ions xt
is given by I-PN2S/(I PN2S+PArS), where I is the ratio of the
ionization probabilities of nitrogen and argon (at the
appropriate electron energy), and PArS and PN2S are the argon
and nitrogen pressures in the ion source. (See Appendix A for
the determination of the ion source pressure.) The formation
of N÷ ions is neglected, although the N÷ ion is expected to
make up about 8% of the total nitrogen ion flux.1 9
The nitrogen removal at the target must be due to sputter
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removal (which cannot be distinguished from ion-bombardment
induced desorption in this case). The sputtered species are
assumed to be composed entirely of Nb and N atoms, which is
not entirely true, but is expected to be a good approximation.
The removal rate is then (Jbe)(Sn"2 t+nAr(l-xt)).et, where SnAr
is the sputtering yield of the nitrogen due to Ar÷
bombardment, and Sn 2 is the sputtering yield of the nitrogen
due to N2+ bombardment. At steady-state, the arrival rate
equals the removal rate, and so solving for the fractional
target coverage et one obtains
2at*F + 2at+ xt* (J/e)
et = .(4.1)
2at, F + 2a t -Xt (J/e) + (J/e) (Sn 2 *xt+SnAr (l-Xt))
During ion-beam sputtering, with nitrogen added outside of
the ion source, the beam contains essentially all noble gas
ions (xt then is zero). In this case, the equation simplifies
to
e t = F/[F + (J/e) (SnAr/2at) ] (4.2)
The nitrogen pressure and the beam current density can be
measured, and so the only unknown parameters needed to define
the target coverage are the sticking coefficient at and the
sputter yield of nitrogen Sn Ar, which are contained in one
term.
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4.3 NITROGEN COVERAGE OF THE TARGET MEASURED USING ION
SCATTERING SPECTROSCOPY (ISS)
4.3.1 INTRODUCTION TO ISS
The fractional nitrogen coverage of the target surface
during ion-beam reactive sputtering of niobium has been
directly monitored while the target is being sputtered using
ion scattering spectroscopy (ISS). In ISS, beam ions (Ar' in
this case) which scatter elastically from the Nb target
surface in a binary collision, and remain ionized, are
detected using a mass spectrometer equipped with a band-pass
energy filter. Because noble gas ions have a high
neutralization probability, effectively only ions singly-
scattered from the surface remain ionized, so that ISS only
probes the topmost atomic layer. 36,127,130,131 The mass number of
target surface atoms M2 is derived from the energy spectrum of
the scattered ion M1, as given by130
E/E0 = (M 2/(M+M 2 )* ({cose+((M2/M1 )2-sin2 9) 0.5)2 (4.3)
where E0 is the incident energy of M1, and E is the energy of
M1 after scattering from M2 in a single collision through the
laboratory scattering angle 8. The position of the analyzer
fixes 8, so that at a fixed E0 the backscattered ion energy E
is determined solely by the mass of the atom M2 it collides
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with.
If a clean elemental surface is examined using ISS, a
single high energy peak due to scattering from that element
will be observed in the energy spectrum. If the surface
becomes partially covered with atoms of a different mass, then
the incident ions will scatter from both elements, at
different energies, and so the number of ions scattering from
the original host atoms will be decreased; therefore the
signal intensity decreases. In order to use ISS as a monitor
of surface coverage, a relation between the ISS peak intensity
and the surface coverage must be known. It has been
shown36'130 that for coverage of a surface by adsorbates (up to
a monolayer of coverage), the ISS signal intensity from the
host material I, is related to the adsorbate coverage by
I s a I. (dus/dnf) -Ps(N s -( *Na). (4.4)
Here Io is the incident probing current, das/dn is the
differential scattering cross section of the host element, Ps
is the probability that the scattered ion escapes
neutralization by the host material, and Ns and Na are the
surface densities of the host and adsorbate, respectively.
The shadowing coefficient P is necessary because each
adsorbate may effectively block more or less than one host
atom even if the surface atomic density of N is the same at
complete coverage as the original Nb surface density. The
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shadowing coefficient of N on Nb is expected to be less than
one based on the atomic radii of these atoms. The signal
intensity also depends on other factors, such as the analyzer
transmission, but Eq. 4.4 contains the fundamental parameters.
For this measurement of the scattered ion peak intensity
all instrument parameters are fixed, so Eq. 4.4 can be
simplified. Taking the number of nitrogen sites at the
surface Na to equal the number of Nb sites Ns, and assuming
that the neutralization probability of the Ar÷ on Nb is not
affected by a nearby nitrogen on the surface, the ISS signal
due to scattering from Nb can be written as
INb = (Constant)-I o0 (1 - #.et). (4.5)
This general relation between the ISS signal and the surface
coverage has been observed in various absorption
studies34,130. Combining Eq. 4.5 with either Eq. 4.1 or 4.2
gives the desired relation describing the functional
dependence of the ISS intensity on the nitrogen pressure (or
flux F). All the other parameters are constants; however, the
shadowing coefficient P, and the ratio of the sputter yield of
nitrogen SNAr to twice the sticking coefficient at, SnAr/2at, are
unknown, and are adjustable parameters used to make the fit.
Using ISS, the target surface coverage during ion-beam
reactive sputtering is monitored dynamically. The ion beam is
used as the target probe, since it can be maintained at a
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fixed current Io and energy Eo as nitrogen is added to the
system, and the sputtering target can remain at ground
potential so the scattered ion energy is not affected. The
energy/mass analyzer described previously was used to measure
the scattered Ar+, and the experimental set-up used is that
shown in Fig. 3.1. The signal intensity due to Ar4 scattering
from Nb is then measured as a function of the nitrogen
pressure. These data can then be fit using Eq. 4.5,
incorporating the target coverage model described in the first
section. The resulting fit is then a test of the validity of
the reactive sputtering model for the Nb-N system using ion-
beam reactive sputtering, and reveals the dominant reaction
mechanism.
To measure the ISS peak intensity, the analyzer energy and
mass are fixed at the appropriate values. The intensity
recorded is an average over 30 seconds of data collection,
using computer controlled data acquisition. The nitrogen
pressure is allowed to stabilize at its equilibrium value
before each measurement. The background signal, measured at a
slightly lower energy than the ISS peak, has been subtracted.
Ideally the integrated intensity of the peak should be
measured, but because the peak width is determined mainly by
the angular acceptance of the analyzer , which is fixed, the
use of the peak maximum is sufficient.
The analyzer is mounted so that ions which scatter through
135 degrees will be detected. Using Eq. 4.1, this indicates
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that the Arx scattered from Nb will have an energy E =
0.20*E o. Argon ions that scatter from nitrogen will not be
detected at all, because it is impossible for the Ar÷ to
scatter 135 degrees in a binary elastic collision with N.
Multiply scattered argon is all neutralized, and so is not
detected.
4.3.2 TARGET NITROGEN COVERAGE; NO N2÷ PRESENT
A typical Ar+ energy spectrum obtained during the
sputtering of Nb without nitrogen is shown in Fig. 4.3, when
using a 1000 eV, 84 mA argon ion beam. The low energy ions
are formed mainly by symmetric charge exchange, as discussed
in Chapter 3, and possibly resputtered implanted argon. What
is important for this analysis is the high energy peak, seen
to occur at 200 eV, which equals the expected 0.20*E0 due to
Ar+ scattering from Nb through 135 degrees. Figure 4.4 shows
the same spectrum when 2 sccm of nitrogen is added to the
system (outside of the ion-source); the intensity of the high
energy peak has decreased due to nitrogen coverage of the
niobium.
The dependence of the ISS signal on the nitrogen flow into
the system, with N2 added outside the ion-source, is shown in
Figs. 4.5 and 4.6 using ion beam energies of 1000 eV and 1200
eV, respectively. In Fig. 4.5, the absolute signal intensity
of the 200 eV Ar+ peak is shown when sputtering with 1000 eV
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Figure 4.3. Energy distribution of Ar* during sputtering with
1000 eV, 84 mA argon, and no nitrogen added.
131
tcc~~~n
0.2
0.0
156213-1
0 100 200 300 400
ENERGY (eV)
Figure 4.4. Energy distribution of Ar÷ during reactive
sputtering with 1000 eV, 84 mA argon, and 2.0 sccm nitrogen
added outside of the ion source.
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Figure 4.5. ISS peak height as a function of nitrogen flow
when sputtering with 1000 eV argon of 70 mA and 110 mA. The
measured data are indicated by the points, while the lines
represent modeled fits using equations 4.2 and 4.5.
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Figure 4.6. ISS peak height as a function of nitrogen flow
when sputtering with 1200 eV argon of 84 mA and 126 mA. The
measured data are indicated by the points, while the lines
represent modeled fits using equations 4.2 and 4.5. The
measured nitrogen pressure is also included during sputtering
with 84 mA, with the line drawn to connect the points.
134
Ar÷ beams of 70 mA and 110 mA. Note that the intensity is
initially constant as N2 is added, then it abruptly falls, and
levels off at high N2 flows. In Fig. 4.6, normalized ISS
intensities of the 240 eV Ar÷ peak are shown when sputtering
with 1200 eV Ar÷ beams of 84 mA and 126 mA. In this case, the
absolute signals were smaller (for reasons which may depend on
both the reflection process itself, or on the analyzer
transmission at these high energies), and are more affected by
noise. The solid lines in both figures are the calculated
signals obtained from the modeling. Note that the model fits
the data quite well. The variation of the measured nitrogen
pressure with N2 flow is included in figure 4.6 for sputtering
with 1200 eV, 84 mA Ar÷; in this case the line is drawn
through the points only as a guide. For the other sputtering
conditions, the nitrogen pressure dependence will be slightly
different, but has the same basic shape (as will be shown in
Chapter 5). At low N2 flows, most of the nitrogen is
obviously gettered by the system, and the nitrogen pressure
does not increase significantly until the N2 flow is increased
to above 0.3 sccm, after which the pressure increase is nearly
linear with N2 flow.
The modeled fits in Figs. 4.5 and 4.6 have been obtained
by combining Eq. 4.5 with 4.2 (which assumes that the flux of
N2 is zero). The good fit indicates that the nitrogen
coverage in this case is controlled by thermal nitrogen
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impingement. The large drop in the ISS signal at high N2 flow
indicates that the reacted target is almost completely covered
with nitrogen, which is much different than that expected when
sputtering a compound target. This is analogous to the
situation observed during reactive ion-beam etching of Si (in
a Cl2 environment132) and W (in a CF4 environment133). The fact
that the ISS signal does not go to zero at high N2 flows
necessitates the use of a shadowing coefficient P less than
one (0.88), meaning that each nitrogen does not completely
shield the Nb underneath. This could also be interpreted as
indicating that the equilibrium coverage is slightly less than
one monolayer, or that some argon ions scattering from the
second layer are not being neutralized.135
The other parameters used in the fits are given in Table
4.1, except for the measured nitrogen pressure used to
calculate the nitrogen arrival flux. In order to gain
meaningful information from the quotient S Ar/2at, it has been
separated using reasonable values for the sticking
coefficient. Because in these experiments the target
temperature rises with sputtering power, the sticking
coefficient is expected to decrease with an increase in
sputtering power.134 The sticking coefficient of N2 on clean Nb
is known to be close to one for temperatures in the vicinity
of room temperature. 34 Choosing at = 1 for the lowest power
(1000 eV, 70 mA Ar+), a sputtering yield of 0.88 is extracted
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Table 4.1. Parameters used to fit the ISS model (Eqs. 4.2 and
4.5) to the data in Figs. 4.5 and 4.6. The target
temperature, the ion current J,/e, and the nitrogen pressures
(not listed) are measured; P and SnAr/2at are obtained from the
fits. The (*) marks the value chosen to separate the values
of SnAr and at.
TARGET BEAM J/e B SnAr/2at S r  a t  Target
VOLTAGE CURRENT Temp.
(V) (mA) (ions/cm2) (CC)
1000 70 3.4E15 0.88 0.44 0.88 1.0 210
1000 110 6.3E15 0.88 0.54 0.88 0.81 280
1200 84 3.8E15 0.88 0.53 0.95 0.90 265
1200 126 6.7E15 0.88 0.87 0.95 0.55 310
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for the yield of nitrogen sputtered by argon. Assuming that
this value for the sputtering yield of nitrogen remains
constant at a fixed sputtering voltage, the sticking
coefficient when sputtering at 1000 eV with 110 mA (which
results in a hotter target) is found to be 0.81. In the same
manner, by initially choosing the sticking coefficient for
1200 eV, 84 mA to be 0.9 (hotter target than 1000 eV, 70 mA
case), the other values can be extracted. The values of these
parameters are also summarized in Table 4.1. The results are
consistent: the sputtering yield increases with sputtering
voltage, and the sticking coefficient decreases as the target
temperature increases. The obtained sputter yield for
nitrogen by argon is slightly larger than that expected for
the sputtering of Nb with argon (ref. 19 and Appendix C),
again a reasonable result.
As a check of this coverage measurement using ISS, the
experiment was repeated using oxygen and nitrogen (air) as the
reactive gases. Under these conditions, the ISS signal is
observed to reduce to zero at high reactive gas flows, which
strongly indicates complete coverage. Because nitrogen is
much less reactive with Nb than oxygen34, it is possible that
the target surface may not be completely reacted during
nitrogen exposure, as it is during oxygen exposure. The fact
that the target surface remains almost completely covered by
reactive species during reactive sputtering reveals that the
target is in a much different state than when sputtering a
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compound target (which is expected to have nearly equal
fractions of Nb and N at the surface).
All of the curves presented in Figs. 4.5 and 4.6 show that
the abrupt transition region shifts to higher N2 flows when
using a higher sputtering power, as expected due to the higher
ion flux. These curves do not show a hysteresis when the N2
flow is increased and decreased, due to the high pumping speed
of the system64,67, as will be discussed in Chapter 5. (The
modeled curves show some noticeable "wiggles" due the values
of the measured N2 pressure used in the model.)
Although target coverage by neutral, thermal nitrogen is
confirmed by this study using ISS, this in itself does not
reveal whether or not the nitrogen actually undergoes a
reaction with the target or is merely adsorbed. By analyzing
the sputtered ion species under these conditions (secondary
ion mass spectrometry (SIMS) of the target), it is clear that
a reaction does occur, as evidenced by the appearance of
molecular ions such as NbN÷ and Nb2N÷, as was discussed in
Chapter 3 (shown in Fig. 3.3).
4.3.3 TARGET NITROGEN COVERAGE; N2+ PRESENT
If nitrogen is added to the system through the ion-source,
then the ion-beam will contain a mixture of nitrogen ions and
argon ions. In this case, the nitrogen coverage of the target
is described by Eq. 4.1, which includes the effects of
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nitrogen ion bombardment, and is then combined with Eq. 4.5 in
order to fit the ISS data. The effects of the N2÷ on the
target coverage can best be observed by comparing the effects
of adding N2 in the ion-source versus adding N2 out of the
source.
This comparison is shown in Fig. 4.7 for the case of
sputtering with an argon ion-beam of 1200 eV and 84 mA. The
data indicated by the squares are the same as those shown in
Fig. 4.6, with the nitrogen added outside of the ion-source.
The diamonds indicate the variation of the ISS peak intensity
with N2 flow when N2 is added into the ion-source, and the
total beam current is held constant. With N2 added in the
ion-source, the scattered ion intensity decreases at a
slightly lower flow than with N2 outside the ion-source, and
it saturates at a lower value. This makes it appear that the
reaction rate has been slightly enhanced, and that the final
coverage has also been increased. However, the beam current
Io in Eq. 4.5 represents only the incident current of the
species to be measured upon scattering, the argon ion current,
which decreases when nitrogen is added into the ion-source and
the total beam current is held constant. In this case, the
argon ion current 10Ar equals Io-(1-xt). Therefore, a decrease
in ion intensity is expected even if the coverage were not
enhanced by the nitrogen ions.
With N2 added outside the ion-source, the data have been
modeled as described previously using Eqs. 4.5 and 4.2. With
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Figure 4.7. ISS peak height as a function of nitrogen flow
with nitrogen added either into or outside of the ion source,
when sputtering with 1200 eV, 84 mA Ar÷. The lines indicate
the modeled fits.
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N2 added in the ion source, the data have been modeled using
Eqs. 4.5 and 4.1, in which case the presence of the nitrogen
ions incident on the target are taken into account. The
modeled target coverage is given in Fig. 4.7 by the solid
lines. With nitrogen ions present, the sticking coefficient
at' is chosen as 0.5, and the sputtering yield of nitrogen due
to N2 bombardment S 2 is chosen as 0.285 (or 0.3.SnAr).
However, even if both of these parameters are chosen to be
zero, the obtained fit is virtually identical to that shown in
the figure. This indicates that the additional N2÷ plays only
a minor role in contributing to the target coverage. This is
mainly because the rate of thermal nitrogen arrival at the
target is still much larger than the nitrogen ion arrival.
(The sticking coefficient at was chosen as 0.5 because a
significant fraction of the energetic nitrogen ions are
expected to be reflected from the target surface.21)
The only evidence that supports an increased nitrogen
coverage with nitrogen ions present is the fact that P in Eq.
4.5 was increased from 0.88 to 0.90 to improve the fit (this
is expected to be within the error of the measurement). The
drop in the measured ion intensity at high flows (below the
modeled value) seems to be caused by the ion beam becoming
somewhat unstable with high nitrogen flows in the source.
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4.4 REACTED-NITROGEN COVERAGE OF THE TARGET USING SECONDARY
ION MASS SPECTROMETRY (SIMS)
4.4.1 INTRODUCTION TO SIMS
In order to analyze the reacted-nitrogen coverage of the
target, the intensity of the sputtered ion species has been
measured as a function of the nitrogen flow into the system.
This is essentially the surface analysis technique of dynamic
secondary ion mass spectrometry (SIMS). Using SIMS should
reveal the progression of the target reaction, which is not
necessarily the same as surface coverage [i.e., adsorbed
(physisorbed) gases would not be seen using SIMS, unless they
were ionized upon emission].
In order to model the reactive coverage of the target in
this case, it is again necessary to relate the SIMS ion signal
to the fractional coverage et. The ion signal IMSx of species x
is expected to relate to the surface coverage as36
IMsx = C*Io.Sx-Rx+-x , (4.6)
where C is a constant taking into account geometric factors of
the experimental setup and the analyzer transmission, Io is
the ion-beam current, Sx is the sputtering yield, Rx is the
ionization probability, and ex is the surface coverage of
species x. The signal intensity of nitrogen-containing ion
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species (such as NbN÷) should be proportional to the N surface
coverage, et, as given in Eqs. 4.1 and 4.2. The ion intensity
of Nbn÷ species, which is unity with no N2 flow, would be
proportional to (1-et). This analysis will only be useful for
comparing to the SIMS data if it can be assumed that the
sputtering yield Sx and the ionization probability Rx are
constant with surface coverage, or
IMSx = K*8x  for N-containing ions, (4.7(a))
and IMSx = K,*(l-Bt)+K 2  for Nbn+ ions. (4.7(b))
The sputtering yields and ionization probabilities can be
assumed constants by categorizing the sputtered species into
groups depending on their origin. For example, the sputtered
Nb ions may originate from Nb directly on the surface, or Nb
which has surface N bonded to it, and each of these will have
a different sputter yield and ionization probability.
However, this would add complications in the modeling, and so
ions with a predominantly single origin, such as the NbN÷
species, are the only ions which would be expected to follow
this relation.
4.4.2 REACTED-NITROGEN COVERAGE; NO N2+ PRESENT
The sputtered ion signals as a function of N2 flow are
shown in Figs. 4.8 and 4.9 during sputtering with 1200 eV, 84
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Figure 4.8. Intensity of the Nb+, Nb2*, NbN+, and N+ ion
signals as a function of nitrogen flow into the chamber when
sputtering with 1200 eV, 84 mA Ar+. Ions with an energy of 10
eV have been sampled. Also shown is the dependence of the
deposition rate on nitrogen flow for the same sputtering
conditions.
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Figure 4.9 Intensity of the Nb÷, Nbz2 , NbN÷, and N+ ion
signals as a function of nitrogen flow into the chamber when
sputtering with 1200 eV, 43 mA Xe+. Ions with an energy of 10
eV have been sampled. Also shown is the dependence of the
deposition rate on nitrogen flow for the same sputtering
conditions.
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mA Ar÷ and 1200 eV, 43 mA Xe . In both cases the nitrogen is
added outside of the ion-source so that few nitrogen ions are
in the beam. The variation of the mass peak heights of Nb+,
NbN+, Nb2+, and N+ as nitrogen gas is added, clearly reveals a
change in the target surface composition in both cases. The
deposition rate as a function of the N2 flow measured using a
quartz crystal microbalance is included in both figures. When
sputtering with xenon, the observed behavior is virtually
identical to that obtained when sputtering with argon, except
that the N÷ signal is relatively smaller, as was discussed in
Chapter 3. The overall signal count rates are much smaller
with the xenon simply because the analyzer housing entrance
hole was smaller when these data were obtained. Since the ISS
analysis could not be performed when sputtering with xenon gas
(Xe+ can not scatter from Nb 1350 in a single collision), only
the SIMS data obtained when sputtering with argon are compared
to the model of target coverage.
The SIMS data of the NbN÷ peak variation with nitrogen
flow are the most appropriate to compare against the modeled
reactive coverage, although all the sputtered ion species
should give some indication of the target reaction. (Note
that although most of the sputtered nitrogen is expected to be
in the form of N atoms, the intensity of the NbN÷ ion should
still be proportional to the amount of nitrogen reacted.) In
Fig. 4.8 the NbN÷ signal is observed to increase with N2 flow,
rising abruptly from 0.4 to 0.8 sccm N2, then rising only
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slightly as the flow increases further. The NbN+ signal is
shown again in Fig. 4.10, along with modeled curves obtained
by combining Eqs. 4.7(a) and 4.2, and using two different
values for the constant K. The other parameters used in Eq.
4.2 are the same as used previously for the ISS analysis (see
Table 4.1). Note that it is impossible to perfectly fit the
data, mainly because the NbN÷ signal does not saturate at high
N2 flow as the model predicts. This may be due to a
contribution from the second or third atomic layer, which may
be observed if the reacted layer thickens beyond one layer.
The fact that the data can be fit well up to nearly complete
coverage indicates that the surface nitrogen (measured with
ISS) and the reacted nitrogen (from SIMS) are nearly
equivalent; or -all nitrogen which is on the surface
immediately bonds to the Nb. This result is somewhat
unexpected, but appears to be true from these measurements.
(This could possibly be an artifact of the SIMS and ISS
analysis techniques, because the species detected are all the
result of a collision process, which may be inducing the
reaction.)
The Nb2+ species appears to be the next most favorable
candidate to fit using the model. Figure 4.11 shows the
obtained Nb2+ signal as shown in Fig. 4.8, along with the
modeled curve obtained by combining Eqs. 4.7(b) and 4.2. The
Nb2+ signal is observed to decrease with N2 flow, correlating
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Figure 4.10 Measured (points) and modeled (lines) NbN÷
signal as a function of N2 flow when sputtering with 1200 eV,
84 mA Ar ; N2 is added outside of the ion source.
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Figure 4.11 Measured (points) and modeled (lines) Nb2÷ signal
as a function of N2 flow when sputtering with 1200 eV, 84 mA
Ar ; N2 is added outside of the ion source.
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with the trend shown by the deposition rate. For the model
fit, the values for KI and K2 are determined by the signal
intensity with no N2 present, as well as by the amount of drop
in the signal at high N2 flows. The parameters used to
describe et are the same as those used previously, as shown in
Table 4.1. Clearly the modeled fit is not good in this case.
There are several possible explanations. Because two Nb sites
are involved in the production of one Nb2+ ion, the coverage
may be effectively complete once every other Nb atom is bonded
to a N (50% total coverage). Also, once the target is
covered, the observed Nb2÷ may be created by a different
ionization mechanism, resulting in a different ionization
probability.
As shown in Fig. 4.8, the Nb+ signal is observed to
increase with N2 flow and does not appear to reach saturation.
This is contrary to what would be expected, especially
considering the marked decrease in deposition rate. The
initial increase in the Nb÷ signal can be explained by the
chemical enhancement effect caused by the surface nitriding44
(causing the ionization probability Rb to increase). The
continuing increase at N2 flows above the transition in the
deposition rate may be due to a slight thickening of the
reacted layer, since the sputtered species do not all
originate from the surface layer.22
This modeling of the reactive coverage using SIMS shows
how the environment surrounding each atom can have a large
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effect on the ion yield, and so the ion signal measured during
a surface reaction will generally be difficult to relate
directly to surface coverage. Only certain ion species, such
as NbN, which bear some kind of one-to-one correspondence with
the reacted specie, will be directly related to the surface
composition. The intensity of other ion species, such as
Nb2 + will also be related to the surface composition, but in a
much more complicated way.
The target nitridation reaction (observed by both ISS and
SIMS analysis) is expected to be enhanced by the ion-
bombardment. Ion-bombardment-induced reactions have been
shown to occur to a variety of materials bombarded in the
presence of a reactive gas having a large sticking
coefficient. 10 6 137 Nitrogen is known to have a large sticking
coefficient on clean Nb (ref. 134), and in the present
experimental conditions the flux of thermal nitrogen to the
target is much larger than the flux of nitrogen ions. We
believe that this reaction process is analogous to ion-induced
etching processes 138,39 (or chemical sputtering14), except that
in the present case the reaction products are more difficult
to remove from the surface than the parent material. What
remains unknown is whether the dominant reaction mechanism is
1) the ion bombardment of nitrogen on the surface to induce
the reaction (by ion mixing, for example), or if 2) ion
bombardment of the Nb surface causes surface damage that
enhances the reactivity of the Nb with the adsorbed
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nitrogen'". Because the target nitrogen coverage measured
using ISS and the target reaction measured by SIMS (of the
NbN' specie) can be fit well using the same expression for the
nitrogen coverage, it would appear that the sticking and
reacting occur simultaneously. This would favor a reaction
enhancement as described by point 2. In surface studies of N
on Nb by Fromm , the conclusion is reached that N can
penetrate the Nb surface with no activation required
whatsoever (sorption layer formation). This would indicate
that ion bombardment may not be necessary to induce a
reaction, but bombardment could still enhance the reaction.
4.4.3 REACTED-NITROGEN COVERAGE; N2 PRESENT
If nitrogen is added into the chamber through the ion-
source during sputtering, the SIMS ion intensities are
slightly different from those shown when N2 is added into the
chamber directly. However, new ionization mechanisms may
account for these differences. Sputtered ions may now result
from either Ar or N2+ bombardment, which may give rise to
different ion yields, creating much more uncertainty in the
relation between ion intensity and surface coverage.
Therefore, the target coverage has not been analyzed in this
situation.
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4.5 CONCLUSIONS
By partially separating the effects of the substrate and
target reactions, it has been shown that both reactions
influence the film composition. However, it appears that the
reaction at the target is more effective in increasing the
nitrogen content of the NbN films, and in maximizing the Tc.
This can be explained by the fact that, as shown in Chapter 3,
sputtered nitrogen containing species provide an additional
source of nitrogen to the growing film, which appears to be
more reactive than the Nz molecules.
Using ISS, the nitrogen coverage of the target has been
directly measured during reactive sputtering. A model which
describes the surface coverage as a function of nitrogen flow
was used to fit the obtained ISS data. This reveals that the
reaction rate is controlled by the arrival rate of thermal
nitrogen, which sticks to the target with a very high
probability. The target surface appears to be almost
completely covered with a nitrogen layer when the target is
fully reacted, which is much different than that expected when
sputtering a compound target. Nitrogen ions are not present
in significant numbers to influence the reaction rate, even
when nitrogen is added directly into the ion source.
Using SIMS analysis, the progression of the target
reaction has been monitored. Although the NbN* intensity
clearly indicates that a target reaction occurs, the target
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coverage model does not fit the SIMS data over the full range
of NZ flows. This is presumably because the SIMS signal is
influenced by more than just the surface layer properties.
However, the fact that the model does describe the onset of
the target reaction quite well, using the model parameters
from the fit to the ISS data of target coverage, indicates
that nearly all of the nitrogen sticking to the target is
simultaneously reacting.
As mentioned in Chapter 3, we believe that this reaction
between the adsorbed nitrogen and the Nb target surface is
enhanced by the Ar+ bombardment13 7 . This type of reaction
process appears similar to that observed in some reactive
etching environments139, except that in this case the reaction
products result in a lower etch rate.
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CHAPTER 5
MODELING OF THE REACTIVE SPUTTERING
PROCESS
Recently, several models have been proposed to describe
the reactive sputtering process. 5,53,57,62,64,65,67,142,143 The most
detailed model is that presented by Berg et al.143 and
Larsson62. Their model presents a good description of what is
observed experimentally, although some assumptions used in the
formulation of their model are not realistic. Therefore, I
have modified their model, making it more accurate for use in
comparing to actual processing data. The main purpose of the
model is to predict the system nitrogen pressure PN2 as a
function of the nitrogen flow QN2. Knowing this, the
deposition rate as function of nitrogen flow can be obtained,
as can the expected film composition. The model cannot
predict film properties or phase, because these are dependent
on more than just reaction processes. This Chapter describes
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this reactive sputtering model, and compares modeled
processing curves to the actual data obtained during ion-beam
reactive sputtering.
During reactive sputtering, nitrogen gas is removed
(pumped) from the chamber both by reacting with the film being
deposited (on all chamber surfaces) and by the system vacuum
pump. That N2 reacts with the depositing film is easily seen
by the decrease of the nitrogen pressure during reactive
sputtering (compared to when not sputtering). Berg et al. 143
describe the sputtering target as another nitrogen pump, but
this is not strictly true because there is no accumulation of
nitrogen at the target. Nitrogen will react at the target
surface (as shown in Chaps. 3 and 4), although it is only
pumped if it incorporates into the growing film upon being
sputtered. Berg et al.143 also assume that the reacted target
sputters as a "nitride", with no distinction between the
sputtering yields of nitrogen and Nb when the target has
reacted. However, it is commonly observed that when
sputtering compounds the sputtering yields of the different
components are different14, in which case the assumption of
Berg et a1143 is unrealistic. Therefore, in my model the
sputtered flux is separated into N and Nb species, which are
allowed to have different sputtering yields. Although the
mass spectra of sputtered ions reveals the presence of some
sputtered molecules (see Chapter 3), the majority of sputtered
species are expected to be atoms4 . (Note that throughout this
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discussion, the terms used to describe the depositing film are
meant to include the deposition on all surfaces, which
includes chamber walls and substrates.)
5.1 REACTIVE SPUTTERING MODEL
The model for reactive sputtering developed here
describes: 1) the dependence of nitrogen pressure on nitrogen
flow, taking into account the nitrogen pumping due to the
reaction of nitrogen with the sputtered deposit, and the
nitrogen pumping of the system pump; 2) the deposition rate,
by taking into account the reactive coverage of the target
surface, and the resulting change in the effective Nb
sputtering yield; and 3) the deposited film composition. The
equations are set up as flux balances between the sputtered
and reactive species present. The main fluxes of interest are
shown schematically in Fig. 5.1. These include the sputtered
N and Nb fluxes, and the gaseous N2 fluxes to the target, film
deposits, and system pump. The presence of N2÷ ions at the
depositing film or the target is also accounted for in the
model, but the fluxes of these are usually smaller than the
neutral N2 fluxes. A description of all of the terms to be
used in the modeling is summarized in Table 5.1 for easy
reference.
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Figure 5.1 Schematic showing the main particle fluxes
accounted for in the reactive sputtering model to be presented
in this Chapter.
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Table 5.1. Description of the terms used in the modeling of
the reactive sputterinq process.
ac, at ...... The sticking coefficients of N2 on clean Nb at the
chamber walls, and on the target surface.
ac , a t .... The sticking coefficients of N2+ on clean Nb at
the chamber walls, and on the target.
as ........ The sticking coefficient of the sputtered nitrogen
atoms to the clean Nb film.
Ac, At ...... The average areas over which: the film deposits on
the chamber, or the target is sputtered.
F ........... Nitrogen gas flux, molecules/cm2-s.
F ......... Fractional sputtering yield under nitrogen ion
bombardment, compared to either argon or xenon.
I .......... Ratio of the ionization probability of N2 to that
of either Ar or Xe gases.
Jb/e, Jc/e.. Ion (beam) flux at the target, and ion flux
impinging on the film at the chamber walls.
P,2.......... Pressure of N2 in the chamber.
PArS PN2s... Pressures of Ar and N2 in the ion-source.
QN2 ......... Flow rate of N2.
Rd, Re ...... Rates of film deposition and target erosion (or
etching).
Sn, Sn2 ... Sputtering yield of nitrogen at the target, under
Ar and N2 ion bombardment.
SmA , Sin2... Sputtering yield of metal (Nb) at the target,
under Ar and N2 ion bombardment.
Ar,Sm2 .. Sputtering yield of metal (Nb) at the target,
under Ar and N2 ion bombardment.
Ss  ......... System pump speed for nitrogen.
ec, 8t ...... Fractional nitrogen coverage of the film at the
chamber walls, and the sputtering target.
xc, xt ...... Fraction of nitrogen ions in the ion flux to the
(film at the) chamber wall, or to the target.
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5.1.1 REACTIVE COVERAGE OF THE TARGET
A model was derived in Section 4.1 describing the reactive
coverage of the sputtering target. The derivation is repeated
here for completeness, because it forms an important part of
the overall reactive sputtering model.
The fractional nitrogen coverage at the target et will be
addressed first. The target coverage is described as a
steady-state equilibrium between nitrogen arrival on the metal
portion of the target, and the nitrogen sputtering (removal)
rate. Arriving nitrogen may be in the form of thermal
molecules or energetic ions. The incorporation of thermal
nitrogen is described by (2at F-(1-et)), where at is the
sticking coefficient of thermal N2, and the 2 accounts for the
two nitrogen atoms per molecule. F is the arrival flux of
nitrogen molecules obtained from the kinetic theory of gases
(given in Appendix C), and so contains the nitrogen pressure
P.2. The nitrogen ion incorporation can be described by
(2at -xt- (J/e)(1-et)), where at is the sticking coefficient of
the nitrogen ions to the target, and Jde is the measured ion
current density at the target in units of ion flux
(ions/cm2s). The term xt describes the fraction of nitrogen
ions in the sputtering plasma, which depends on the relative
pressures of each gas, and their ionization probabilities. If
the plasma ions are assumed to not interact with each other
(for example, no charge exchange collisions), the fraction of
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nitrogen ions xt equals I.P,2S/(I-P, 2S+PArS), where I is the ratio
of the ionization probabilities of nitrogen and argon (at the
appropriate electron energy), and PArS and PN,2 are the argon
and nitrogen pressures in the ion-source (see Appendix A).
The neutral thermal nitrogen and the nitrogen ions are assumed
to only stick to the unreacted portions of the Nb target.
This is reasonable since the nitrogen coverage of Nb has been
shown to saturate at about one monolayer128, and the sticking
coefficient decreases with coverage 134 as would be expected.
In this way, nitrogen is not allowed to accumulate on the
target surface (the N/Nb ratio must be <1).
The resputtering rate of the nitrogen on the target
surface is given by ((Jb/e)*(Sn"2 xt+(l-xt)*SnAr).et), where SnAr
is the sputtering yield of nitrogen due to Ar ion bombardment
of the target, and SnN2 is the sputtering yield of nitrogen due
to N2 ion bombardment.
The steady-state fractional coverage of the target can now
be obtained by equating the nitrogen arrival and removal
fluxes. In doing so, the fractional coverage of the target et
is given by
( 2at .F + 2at+ x t * (Jie)
e t =(5.1)
(2at F + 2at+*x t (J/e) + (S2 xt+ (1-xt) SnAr) (Je)
This is the same result as that given in Eq. 4.1.
When ion-beam sputtering with nitrogen added outside of
the ion source, the sputtering current is composed of
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essentially all noble gas ions. In this case, xt would equal
zero, and so the expression for the target coverage (Eq. 5.1)
is simplified, as previously given by Eq. 4.2.
5.1.2 REACTIVE COVERAGE OF THE SPUTTERED DEPOSIT
The reactive coverage of the growing film is governed by a
steady-state equilibrium between nitrogen incorporation in the
unreacted Nb portions of the film, and sputtered Nb coverage
of the already reacted film deposits. (Again, note that terms
such as "sputtered deposit" or "growing film on the chamber
walls" is meant to include all depositing Nb, on the chamber
walls and on the substrate.)
The nitrogen incorporation could be due to thermal
nitrogen molecules, nitrogen ions created in the sputtering
plasma (or elsewhere in the gas phase), or N sputtered from
the reacted target. Nitrogen deposited directly from NbN
molecules is neglected, since it is expected to be a small
part of the overall N flux42, and instead all sputtered Nb and
N are assumed to be in atomic form. The thermal nitrogen
incorporation is given by (2ac-F.(1-ec)), where ac is the
sticking coefficient of thermal nitrogen molecules to the
depositing Nb. The nitrogen flux F is the same as that used
in the determination of the target coverage, since the
nitrogen pressure is assumed uniform throughout the chamber.
The nitrogen ion incorporation is expressed as
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(2ca -Xc- (J/e)(l-e c) ). In this expression, ac is the sticking
coefficient of N2+ to the unreacted portion of the depositing
film, J /e is the ion flux to the depositing film, and xc is
the fraction of N2+ in this ion flux. In magnetron and diode
systems, in which the sputtering plasma interacts with the
depositing film, xc is expected to equal xt, and the value of
Ji/e, which depends on the geometric configuration of the
sputtering system, will in general be less than Jb/e. When
ion-beam sputtering, the sputtering plasma interacts only
minimally with the substrate, in which case xc is not directly
related to xt, and Jc/e will be very small. The sputtered
nitrogen incorporation is given as (c- (Jb/e) (Sn"2.xt+S Ar(1-
xt ) ) " t * (At/A c) (1-8c)); where asc is the sticking coefficient of
the sputtered nitrogen (assumed to be atoms), Sn,2 and Sn r are
the nitrogen sputter yields under N2+ and Ar4 bombardment, At is
the sputtered target area, and Ac is the area over which the
film deposits. As discussed by Berg et a1143, the film
deposition area Ac is an average area, over which the
deposited material would have the "average" deposition rate.
It would be much more complicated to account for the variation
of the deposition rate over the entire deposited area. Also,
the target area At is the area over which the average current
density acts, which is not strictly the same as the total
sputtered target area.
The deposition of Nb onto the reacted portions of the
sputtered deposit serves to decrease the reactive coverage ec.
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The Nb depositing is sputtered from both the reacted and
unreacted portions of the target, and will have a different
effective sputtering yield in each case. The Nb sputter
removal from the unreacted portion of the target (1-et) and
subsequent deposition on the reacted portion of the film ec is
given as ((J/e) (S 2. Xt+S Ar (1-xt)) (1-t) (At/Ac) c) , where Sm
and S r are the Nb sputter yields from the unreacted (metal)
portion of the target under N2+ and Ar+ bombardment. The
sputtered Nb is assumed to always have a sticking coefficient
of one. The Nb sputter removal from the reacted portion of
the target et and subsequent deposition onto the reacted
portion of the film ec is given as ((Jb/e) (smN2 -xt+Sn Ar (l-
xt)) .e t . (At/Ac) .9c), where S N2 and SM r are the Nb sputtering
yields from the reacted (metal nitride) portions of the target
under N2+ and Ar+ bombardment.
At steady-state, the rate of nitrogen coverage and
"uncoverage" of the growing film is equal, and so equating the
two allows one to solve for ec. One finds that
(5.2)
2acF+2ac+- xc • (J/e) +asc (Jb/e) (Sn "N2 xt+SnAr (l-xt) ) e t (At/Ac) .
8-
c 
=
[2acF+2ac+ - xc • (Jb/e) +asc (J/e) (Sn N2 . xt+SnAr (l-xt) ) 9t (At/Ac) +
(J/e) (At/Ac) [ (S N2Xt+S Ar (l-xt)) (-et)+ (SN2 xt+SmAr (l-x t ) )et
When ion beam sputtering with nitrogen added outside the
ion source, xt is negligible (see Appendix A) as is xc, in
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which case the expression is simplified to
2ac * F + asc (J/e) SnAr (At /A c ) t  . (5.3)
8 =
[2e c *" F+asc (Jb/e) SnAr (At/A c) et+ (JA/e) (At/Ac) (SmAr (1- t) +SmAr.t)
5.1.3 REACTIVE GAS PRESSURE VERSUS FLOW RELATION
As described in the previous sections, nitrogen is removed
due to pumping by the system vacuum pump, and incorporation
into the growing film. The flow of nitrogen gas to the system
pump is given as P.N2Ss, where Ss is the pumping speed for
nitrogen. The pumping speed is fairly constant with flow when
using a cryopump, as in this investigation (see Appendix A).
The flow of nitrogen to the sputtered deposit is made up of a
combination of thermal N2 , ionized N2 , and sputtered N fluxes,
as described in the previous section. The total nitrogen gas
flow out of the system is then given as
QN2 = PN2.Ss + [ac(l-ec)Ac'F + ac xc(Jb/e) (1-ec)A c + (5.4)
(esc/2) (Jb/e) (Sn2 Xt+SnAr (l-xt) ) tA t - (1-89 )
In this expression, the N2 flux is being counted, and so the
term describing the N flux sputtered from the target must be
divided by two. The nitrogen pressure is contained within the
factors ec, et, F, and PN2. Using the nitrogen pressure as the
input into the model, the corresponding nitrogen flow
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necessary to achieve this pressure is calculated. Because the
nitrogen flow determines the value of xt, this equation must
be solved iteratively when nitrogen is added into the ion-
source. When N2 is added outside of the ion-source, xt (and
xc) are negligible, and so Eq. 5.4 simplifies to
QN2 = PN2 'Ss + ac(l-ec)Ac'F + (asc/2) (J/e)Sn Are At (1-8e) .(5.5)
5.1.4 DEPOSITION RATE RELATION
The deposition rate relation used here is a modified
version of Larsson et al.'s 62 target etching rate relation.
The target erosion rate is described in the model of Berg et
al.143 and Larsson62 , but it is not strictly the same as the
deposition rate because the etch rate doesn't account for
nitrogen incorporation due to the reaction of N2 with the
depositing film. The target erosion depends only on the
removal rate of the Nb atoms of the target. The erosion rate
Re (atoms/cm2 .s) can be-described as
Re = (JJe) [(S N2 xt+SmAr(l - t ))e t + (S mN2 X t+SmAr(l-x t )) (l-et)]. (5.6)
To obtain the deposition rate, the etch rate must be scaled by
the ratio of the etching and depositing areas At/Ac, and must
include the nitrogen incorporation as described by ec. In the
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framework of this model, it is most appropriate to present the
deposition rate in terms of the rate of deposited Nb and N
atoms, which can be converted to a mass or an approximate
thickness (depending on the variation of density with
composition). So, the deposition rate Rd in units of
atoms/cm2- s (of Nb-equivalent weights) is
Rd = Re- (At/Ac) (1+(1 4/ 9 2 . 9 )-ec) . (5.7)
This can be converted to an effective rate in A/s using the
density p (8.57 g/cm3) and atomic weight MW (92.9 g/mole) of
Nb according to the relation
Rd (A/s) = (Rd (atoms/cm2s) .MW 10 (A/cm2) ) / Nav) , (5.8)
where Na, is Avagadro's number. Because Nb and NbN have
similar densities, this treatment is expected to be valid.
Any differences between Nb and NbN can simply be absorbed in
the reacted target sputtering yield Sm.
Deposition rates are typically measured during sputtering
using a quartz crystal microbalance. This instrument
essentially measures deposited mass, and converts it to
thickness using the density and acoustic properties of the
deposited material, making it very similar to the deposition
rate description in this model.
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5.1.5 EXAMPLES OF MODELED PROCESSING CONDITIONS
A common occurrence when reactive sputtering is a
hysteresis in the nitrogen pressure versus nitrogen flow and
in the deposition rate versus flow, which makes the process
difficult to control. The instability responsible for this
hysteresis region can readily be observed using this reactive
sputtering model with the appropriate parameters. Also, the
model predicts how to eliminate the unstable (hysteretic)
conditions. 65,143 Eliminating this unstable region allows the
system to be controllable over all pressures, which provides
maximum control of film composition. The physical description
of the hysteresis region, and the ability to predict how
different parameters should affect the size of the hysteresis,
is the main triumph of Berg et al's model. An example is
shown in Fig. 5.2 of three different modeled P,2 versus QN2
curves based on Eq. 5.5, with the only difference between them
being the pumping speed of the system vacuum pump. In Fig.
5.2, the values of the other model parameters were chosen as:
Ac = 1260 cm2, At = 100 cm2, ac = 0.8, at = 0.9, asc = 1, S =
Ar SAr 385 20.87, Sm = 0.49, Sn = 0.95, and Jbe = 3.8E15 (ions/cm .s).
Notice that with a 30 1/s pump, there is a region where a
given flow can correspond to more than one pressure, leading
to an instability. In practice, the unstable regions (6PN2/6QN2
< 0) define an operating region which cannot be attained. In
particular, pressures between 3x10-6 and 1.3x10-5 Torr can not
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Figure 5.2 Modeled dependence of the nitrogen pressure on
nitrogen flow, using system pump speeds of 30 l/s, 50 1/s, and
70 1/s, with all other model parameters kept constant (values
of the model parameters are listed in the text).
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be reached in this example. If the nitrogen flow were
increased just beyond 0.33 sccm, the pressure would
immediately jump from 3x10 "6 Torr to 2.5x10-5 Torr. Upon
decreasing the nitrogen flow, at about 0.32 sccm the nitrogen
pressure would drop from 1.3x10-5 to less than 2x10 " .
Increasing the pump speed to 50 1/s reduces the hysteresis
region nearly to zero, and with a pump speed of 70 1/s (or
greater), the hysteresis disappears entirely. Berg et a1143
show that other model parameters (such as At and Ac) can also
affect the size of the hysteresis region. This hysteresis
should also be observed in the deposition rate curves, because
the deposition rate is dependent on the nitrogen pressure.
The modeled deposition rate, based on Eq. 5.7, is shown in
Fig. 5.3, and as expected shows a hystersis (unstable) region
when the system pumping speed is too low.
The occurrence of the hysteresis is also shown by plotting
the nitrogen flow to the depositing film separately from the
system pumping by the vacuum pump. This is shown in Fig. 5.4
using the same parameters as used in Figs. 5.2 and 5.3. Note
that the amount of nitrogen flow to the film depositing at the
walls decreases at a certain point, which corresponds to the
decrease in deposition rate caused by the onset of the target
reaction, and also has an unstable region when the pumping
speed is low. The pumping capacity of the sputtered deposit
is limited by the deposition rate. This leads to a physical
description of the hysteresis based on the combined effect of
171
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Figure 5.3 Modeled dependence of the deposition rate on
nitrogen flow, using system pump speeds of 30 l/s, 50 l/s, and
70 l/s, with all other model parameters the same as those used
for Fig. 5.2.
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Figure 5.4 Modeled dependence of the nitrogen flow to the
walls (or the nitrogen consumption) on the total nitrogen flow
added, using system pump speeds of 30 l/s, 50 l/s, and 70 l/s,
with all other model parameters the same as those used for
Fig. 5.2.
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a limited pumping capacity of the sputtered deposit, and a
decreased deposition rate caused by the nitriding of the
target. When the pumping capacity of the deposit at the walls
is nearly saturated, the pressure significantly rises as
reactive gas is added, and the deposition rate then drops as
the target reacts. This results in a further decrease of the
pumping by the sputtered deposit, so the pressure increases
further, until the point of nearly complete target reaction
has occurred. The nitrogen not pumped by the film depositing
at the walls must all be pumped by the system pump. If the
pump speed of the system is sufficiently high, the pressure
rise occurring when the deposition rate drops will not be
enough to fully react the target, and so a run-away condition
does not occur.
From the formulation of this model, it is easy to see why
the deposited film "pumps" nitrogen significantly before the
sputtering target reaction occurs (as shown in the low flow
range in Fig. 5.4) . This is because of the much larger area
of the sputtered deposit, which means that the deposition rate
is much lower than the target etch rate, and therefore a lower
PN2 is needed to saturate the walls than to saturate the
target.
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COMPARISON OF THE MODEL TO ACTUAL PROCESSING CONDITIONS
The validity of the model can be tested by comparing it to
actual process curves obtained during the operation of our
ion-beam reactive sputtering system. Ion-beam sputtering is
the ideal technique against which to test the model, because
the sputtering current and voltage are independently
controlled and can be held constant as nitrogen is added (as
is assumed in the model). In typical diode or magnetron
sputtering systems, the sputtering current and/or voltage
changes as the target surface reacts, as does the secondary
electron emission coefficient of the target.
To fit this relation to the experimentally obtained PN2
versus QN2' reasonable values for the model parameters are
needed. When ion-beam sputtering with nitrogen added outside
the ion source, the beam contains almost no N2%, and so xt and
xC are effectively zero. This greatly simplifies the
comparison because it reduces the number of unmeasured
parameters. If nitrogen is added into the ion source, then xt
will be nonzero, but xC remains negligible.
The system pump speed Ss is easily measurable by flowing
nitrogen without sputtering. The nitrogen pressure PN2 is
measured during deposition using a quadrupole mass
spectrometer. The measured N2 pressure contains a systematic
error due to the relatively high noble gas background
pressure, which is corrected by measuring the nitrogen
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pressure versus nitrogen flow with and without the noble gas
present. The ion flux density at the target Jb/e is measured
(see Appendix B), and an average is obtained over the region
where the ion flux is at least half of the maximum value. The
target area At can be obtained approximately by visual
observation, or by simply dividing the total ion current by
the measured average current density (the target area is not
constant because the ion beam spreads by different amounts
when using different sputtering powers). The area Ac over
which the depositing film covers can only be determined
roughly, either visually or by estimates of the sputtered
distribution and the distance to various walls; the area Ac is
actually an average which is used to describe the deposition
rate on the walls as a fraction of the etch rate of the
target. A reasonable value for the sputtering yield of
niobium (SAr) can be obtained from the literatures18 (see
Appendix C). The effective sputtering yield of Nb on the
reacted portions of the target S Ar is related to the measured
drop in deposition rate at high nitrogen flows. The nitrogen
sputtering yield SnAr can be obtained from the target reaction
analysis using ISS (as described in Chapter 4). The sticking
coefficient of nitrogen to the (clean) target at is also
extracted from this target reaction analysis, but the other
sticking coefficients can not readily be determined, although
they are expected to be reasonably close to one13 . In
summary, the values of ac, a, SmnAr, and-Ae are not readily
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measured or calculated, but reasonable values for these
parameters can be estimated.
5.2.1 MODELING COMPARED TO ACTUAL PROCESS, NO N2 PRESENT
In this section, the modeled processing curves are
compared to the actual processing conditions with nitrogen
added outside of the ion source, in which case almost no
nitrogen ions are present (see Appendix A). In this case, the
model equations are simplified, because xt and xc will be zero.
Most of the model parameters used to make the fit can be
measured or calculated, as described on the preceding page.
Some of the parameters are expected to be constants, largely
independent of the sputtering conditions; these are the system
pump speed for nitrogen Ss, the depositing area Ac, the
sticking coefficient of sputtered N asc, and the sticking
coefficient of N2 at the deposited Nb film ac. In our system,
the nitrogen pumping speed is measured to be 800 1/s at low
nitrogen flows, and Ac, asc and ac are chosen as 1260 cm2, 1.0,
and 0.8, respectively. All other parameters are listed in
Table 5.2, except for the nitrogen pressure. The only
parameters which are adjusted to make the fit are At and
Smr . (When sputtering with xenon, or with argon at 1200 V and
50 mA, the sputtering yield of nitrogen (SnAr or SnXe) and the
sticking coefficient at are also adjusted to make the fit.)
Figure 5.5 shows the actual and modeled nitrogen pressure
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Table 5.2. Summary of the values of the model parameters used
to fit the measured nitrogen pressure and deposition rate
curves, with N2 added to the system outside of the ion-source
(no N,). The system pumping speed used is 800 l/s, the
deposited area Ac used is 1260 cm2, the sticking coefficient of
sputtered N asc used is 1.0, and the sticking coefficient of N2to the depositing film ac is 0.8 (for all cases).
BEAM TARGET J/e At, It Ar SmAr SnAr
V, I (mA) TEMP. C /cm 2s cm2
(w/ARGON)
1200, 50 1.25E15 200, 1.0 0.87 0.44 0.95
1200, 84 265 3.8E15 100, 0.9 0.87 0.49 0.95
1200, 126 310 6.7E15 100, 0.55 0.87 0.49 0.95
1000, 70 210 3.4E15 110, 1.0 0.80 0.47 0.88
1000, 110 280 6.3E15 110, 0.81 0.80 0.47 0.88
(w/XENON)
1200, 50 2.0E15 80, 1.0 1.17 0.52 1.0
1200, 84 5.3E15 100, 0.8 1.17 0.57 1.0
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Figure 5.5 -Measured nitrogen pressure versus nitrogen flow
when sputtering with 1200 eV Ar+ at 50, 84, and 126 mA,
compared with modeled nitrogen pressure curves, indicated by
the dashed lines. Nitrogen is added outside the ion source in
this case. The values of the model parameters are listed in
the text and Table 5.2.
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versus flow (using Eq. 5.5, with Eqs. 5.3 and 4.2) when
sputtering with 1200 eV argon with currents of 50 mA, 84 mA
and 126 mA.
The modeled curves are seen to describe the actual system
behavior quite well. Note that the values of at decrease with
increasing sputtering power; because the target temperature
increases with sputtering power, the sticking coefficient is
expected to decrease.134 Although it would be expected that
the sputtering yields obtained would be constant at a given
sputtering voltage, with 50 mA argon it was necessary to lower
the sputtering yield of the 'reacted' nitrogen SmAr to make the
fit. This may indicate a more complete reactive coverage
under these conditions, which may be due to the lower target
temperature. Note that with the large pumping speed in this
system there is no hysteresis (or instability) region.
The values of the depositing area Ac and the sticking
coefficient ac on the deposit at the chamber walls, although
reasonable, should not be taken as the actual values;
increasing the target area while decreasing the sticking
coefficient will give similar results, and so it is not
possible to distinguish these two parameters in this model.
However, the good fit attests to the applicability of the
model.
The modeled fits of the deposition rate (Eq. 5.7, with
Eqs. 5.6, 5.3 and 4.2 included) have been compared to the
actual measured rates as shown in Fig. 5.6, for sputtering
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Figure 5.6 Measured deposition rate versus nitrogen flow when
sputtering with 1200 eV Ar÷ at 50, 84, and 126 mA, compared
with modeled deposition rate curves, indicated by the dashed
lines. Nitrogen is added outside the ion source in this case.
The values of the model parameters are the same as those used
in Fig. 5.5.
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with 1200 eV argon of 50 mA, 84 mA, and 126 mA. The same
parameters are used to fit the deposition rate curves and the
nitrogen pressure curves. Note that the model describes the
actual process very well, and accounts for the initial
increase in deposition rate with low nitrogen flow due to the
gettering by the depositing film at the deposition rate
monitor. This is in marked contrast to the etching rate
relation described by Berg et a1143 which underestimates the
deposition rate at low N2 flows because the etch rate cannot
increase with nitrogen flow, but only decrease. Although this
gettering by the growing film is predicted to occur, and is
explained in the model in terms of the gettering at the
depositing film (described by ec), it was not incorporated by
Berg et al'" into a deposition rate model.
Shown in Figs. 5.7 and 5.8 are the measured and modeled
nitrogen pressure and deposition rate as a function of
nitrogen flow when sputtering with 1000 eV argon at 70 mA and
110 mA beam currents. Again, the model fits the data well,
with the parameters consistent with those determined for
sputtering at 1200 eV. The values of these model parameters
are also listed in Table 5.2.
This same analysis has also been successfully applied when
sputtering with xenon gas. The modeled deposition rate is
shown with the measured data in Fig. 5.9, when sputtering with
xenon gas at 1200 eV and currents of 50 mA and 84 mA. These
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Figure 5.7 Measured nitrogen pressure versus nitrogen flow
when sputtering with 1000 eV Ar at 70 and 110 mA, compared
with modeled nitrogen pressure curves, indicated by the dashed
lines. Nitrogen is added outside the ion source in this case.
The values of the model parameters are listed in the text and
Table 5.2.
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Figure 5.8 Measured deposition rate versus nitrogen flow when
sputtering with 1000 eV Ar÷ at 70 and 110 mA, compared with
modeled deposition rate curves, indicated by the dashed lines.
Nitrogen is added outside the ion source in this case. The
values of the model parameters are the same as those used in
Fig. 5.7.
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Figure 5.9 Measured deposition rate versus nitrogen flow when
sputtering with 1200 eV Xe+ at 50 and 84 mA, compared with
modeled deposition rate curves, indicated by the dashed lines.
Nitrogen is added outside the ion source in this case. The
values of the model parameters used are listed in the text and
Table 5.2.
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model parameters are also listed in Table 5.2. With xenon
gas, the ISS target coverage analysis can not be performed (as
described in Chapter 4) so values for Sne and at cannot be
independently determined. As in the other examples, the
sputtering current density is measured, and the value of the
sputtering yield of Nb, SXe is obtained from the relation
given by Yudin18 , as given in Appendix C. Because the
calculated sputtering yield of Nb with Xe÷ bombardment is
larger than that with Ar+, it is expected that the sputtering
yields for nitrogen and 'reacted' Nb will also increase
proportionally. The sputter yields of nitrogen and reacted Nb
obtained from the fits are larger when sputtering with Xe,
although the nitrogen yield is only slightly larger than that
obtained when sputtering with argon.
5.2.2 MODELING COMPARED TO ACTUAL PROCESS; WITH N2+ PRESENT
When N2 is added into the system through the ion source,
the ion beam will be composed of both noble gas and nitrogen
ions. Therefore, xt can not be neglected, but xc- (Jc/e) is
still negligible. The fraction of nitrogen ions xt is
dependent on the pressures of each gas in the ion-source
(which approximately equals the gas flow divided by the
conductance of the ion-source grids (see Appendix A)) and the
ionization probabilities of each gas, as described earlier in
this chapter. Values of the ionization probability are
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obtained from the literature.'44 Assuming that the energy of
ionizing electrons equals the discharge voltage of the ion
source (45 eV when using Ar gas, 27 eV when using Xe) and that
the ions formed do not interact with each other, the
ionization probability ratio I(N2/Ar) is 0.7, and I(N2/Xe) =
0.21. Therefore, values for xt can be obtained knowing the
flows of Ar and N2. The sputtering yields due to N2'
bombardment also must be included in this analysis, since N2
will now be in the ion beam. In order to simplify the choice
of the sputtering yields SNZ, SmN2, and Sn 2, the ratio of these
yields to the corresponding yield when sputtering with Ar gas
is assumed to be the same for each (ie, if SN2/, Ar = 0.5,
Sn 2/SnAr =0.5). This is reasonable since the sputtering yield
is dependent mainly on the mass of the sputtering gas for a
given target material, although this is not expected to be an
exact treatment.
The modeled deposition rate when adding N2 into the ion
source is shown in Fig. 5.10, along with the measured
deposition rate, when sputtering with 1200 eV, 84 mA argon (6
sccm argon flow in the ion source). Also included for
comparison is the deposition rate with no N2 ions present, as
was shown in Fig. 5.6. The nitrogen pressure curves, not
shown, are nearly identical in these two cases. The only
model parameters which need to be added to account for the
nitrogen ions are the sticking coefficient of the N2+ to the
target at+, and the ratio of the sputtering yields of N2 to Ar
187
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Figure 5.10 Comparison of modeled and measured deposition
rates obtained when sputtering with 1200 eV, 84 mA Ar+ and
adding N2 either in the ion source or outside of the ion
source. The model parameters used with N2 in the ion source
are listed in the text and Table 5.3.
188
(FY). Using the same parameters found to fit the data with N2
added outside of the ion-source (see Table 5.2), the data for
N2 added in the ion-source can be fit well by using at' = 0.5,
and FY = 0.3. Again, it is seen that the model adequately
describes the measured rate. The values of the additional
model parameters necessary when N2 is added in the ion-source
are summarized in Table 5.3.
It can be shown that when changing at from zero to one in
the model, the nitrogen flow required to reach the onset of
the drop in the deposition rate only decreases by about 0.05
sccm, which is not much greater than the expected error range
of the measurements. The N2+ sticking coefficient was chosen
as 0.5 in the above fit simply because these energetic ions
are expected to have a large probability of scattering from
the target surface (ref. 21) and so the sticking coefficient
must be less than one. Because in this case the thermal
nitrogen flux to the target still exceeds the nitrogen ion
flux, and the thermal nitrogen is found to be very reactive
(large sticking coefficients at), it is understandable that
the nitrogen ions would have a small effect on the target
reaction. This is in agreement with the results of the target
reaction analysis using ISS, discussed in Chapter 4.
The amount that the deposition rate decreases after the
target has reacted is determined mainly by the effective
sputtering yield of the reacted Nb. The sputtering yields
under N2÷ bombardment obtained from the fit above, which are
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only 0.3 times the values of the argon yields (or S 2=0.26),
are lower than would be expected from sputtering
theories18,19, although no measured values are reported in the
literature. The obtained sputtering yield would be
necessarily low if the amount of nitrogen ions in the beam
were actually larger than the amount calculated. This could
be the case, because gas interactions would favor charge
exchange from Ar ions to N2 neutrals over that from N2 ions to
Ar neutrals since Ar has a larger ionization potential.112,113
If the effective ionization probability ratio is increased
from 0.7 to 0.85, the yield ratio obtained from the fit
increases to 0.39 (so S "2=0.34), which appears more realistic.
Therefore, it can only be said with certainty that the
sputtering yield due to nitrogen bombardment is lower than the
yield under argon bombardment, although it is probably greater
than 0.3*SAr.
When sputtering with xenon gas (2 sccm) at 1200 eV with 50
mA current and N2 added into the ion source, the modeled fit
to the deposition rate data is shown in Fig. 5.11, along with
the obtained rate with N2 out of the source as was shown in
Fig. 5.9. In this case, the ionization probability ratio is
expected to be 0.21 (ref. 144), and so the ratio of sputtering
yields Fy obtained from the fit of 0.29, or SmN2=0. 34 . This
value of S N2 is larger than the value obtained when sputtering
with argon gas; however, this is consistent with the yield
obtained when mixing the N2 with argon and assuming charge
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Table 5.3. Additional values of the model parameters used
when nitrogen is added into the system through the ion source.
All other parameters are the same as those listed in Table
5.2. The values in parenthesis are those which would be
obtained if I(N2/Ar) were chosen as 0.85, instead of 0.70
(which assumes gas interactions in the plasma).
BEAM Jbe I (N2/Ar) Fy, SmN2  Ot
V, I(mA) /cm2s
(w/ARGON)
1200, 84 3.8E15 0.70 0.3, 0.26 0.5
(0.85) (0.39, .34)
(w/XENON)
1200, 50 2.0E15 0.21 0.29, .34 0.5
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Figure 5.11 Comparison of modeled and measured deposition
rates obtained when sputtering with 1200 eV, 50 mA Xe+ and
adding N2 to the chamber either through the ion-source or
outside of the ion-source. The model parameters used with N2in the ion-source are listed in the text and Table 5.3.
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exchange interactions (less charge exchange is expected
between Xe and N2, as discussed in Chapter 3). The values of
these model parameters are also included in Table 5.3.
Although the model still can be successfully applied with
nitrogen ions present, there is more uncertainty in the chosen
parameter values. It should be noted that although the
presence of nitrogen ions appeared to have only a small effect
on the target reaction, the deposition rate was affected
significantly, at least when sputtering with argon. The
difference in ionization probabilities of these gases leads to
a large difference in the amount of Nz. present in the plasma
when argon and xenon gases are present. Since a gas mixture
is always obtained when reactive sputtering with magnetron or
diode systems, the amount of N2+ present in the plasma is of
importance. Having N2 in the plasma is observed to affect the
film properties when ion-beam reactive sputtering, as will be
discussed in Chapter 7.
5.2.3 FILM COMPOSITION MODELING
The model as presented is also expected to give the
composition of the growing film as a function of the nitrogen
added. This is contained in the term 8c; a 8c of 0.85, for
example, indicates a film composition of Nb1,N0 85. The modeled
film composition is shown as a function of nitrogen flow in
Fig. 5.12, when sputtering with 1200 eV, 84 mA argon (using
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Figure 5.12 Comparison of the modeled and measured film
composition (N/Nb ratio) as a function of nitrogen flow (added
outside of the ion source) when sputtering with 1200 eV, 84 mA
argon. The modeled deposition rate is also included. The
measured film composition was obtained using Auger electron
spectroscopy (AES).
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the model parameters as in table 5.2). From the modeled
curve, the nitrogen composition of the film is expected to be
nearly stoichiometric before the target reacts (as judged by
the sharp drop in deposition rate). This occurs because the
modeled reaction of N2 at the depositing film is assumed to
saturate at complete coverage. However, the measured
composition (using AES analysis) of films grown under these
conditions, included in Fig. 5.12, shows that this is not the
case; the reaction occurs more slowly than would be expected,
and the nitrogen content of the films does not saturate until
the nitrogen flow is increased enough for the target reaction
to occur. Thus while the reaction model predicts that the
target reaction has only a small influence on the film
composition, the measured film composition (presented here and
at the beginning of Chapter 4) indicates that the target
reaction is important in the film growth process. This is one
important shortcoming of the model; it treats all reactions as
being essentially arrival-rate limited, and saturating at a
N/Nb ratio of unity. Although the reactions of N2 with the
growing film are arrival-rate limited to some extent, the
composition at saturation of a given reaction depends on more
detailed aspects of the reaction process, which are not always
known, and are not considered in the model.
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REVISED COMPOSITION MODELING
The model can be modified to match the measured film
composition more closely by slightly changing the dependence
of the nitrogen sticking coefficient on nitrogen coverage.
(This does not change the basic framework of the model.) In
the model presented above, the sticking coefficient of all
nitrogen species depends linearly on coverage; the sticking
scales with coverage as ax- (1-ex), where the sticking
coefficient a, defines the sticking on a clean surface.
From the measurement of the target nitrogen coverage using
ISS, this linear dependence of the sticking coefficient of N2
with the target appears valid. (The bombardment of the target
by the ion beam may make the target more reactive than the
depositing film.) From the measured film composition, the
sticking coefficient of sputtered N and N2 gas reacting with
the film must drop off to very small values before the
coverage is complete. A dependence of the sticking
coefficient on coverage such as (ax.(cos(7r.x)+1)n/2n] would
then possibly be more appropriate to describe the nitrogen
species reacting at the film (this cosine dependence was
chosen solely for its functional form). In Fig. 5.13 (a),
this functional form of the sticking coefficient is shown,
with n equal to either one or two. Also shown is the linear
dependence used in the original modeling. Note that when
using the cos(e) dependence, the sticking drops to very small
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Figure 5.13 (a) Modeled sticking coefficient of nitrogen
versus nitrogen coverage, using a linear relationship (as used
in the model as presented) or a cos-type dependence. (b)
Comparison of the newly modeled film composition (using the
cos sticking relation) to the actual film composition, with
the modeled composition from Fig. 5.12 included.
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values once the coverage gets much above 0.80.
An example showing the modeled film composition using this
updated model is shown in Fig. 5.13 (b). For this modeling,
all model parameters were kept the same as in the previous
model (also shown in this Figure), except that the cos(9)
dependence of the sticking coefficient was used for the
nitrogen reacting at the film. For the sticking of N2 at the
film, n = 2 was used. For the sticking of sputtered N, which
is expected to be more reactive than the N2, a value of n = 1
was used. Note that the film composition at saturation is now
predicted correctly by the model, although the composition at
low flows is still not accurately predicted.
It may be possible to more accurately model the film
composition by choosing other dependences of the sticking
coefficient on coverage. However, because other model
parameters such as the depositing area and initial sticking
coefficients are not known with any accuracy, this would not
prove to be a conclusive exercise.
5.2.4 SPUTTERED N AND Nb FLUXES
The sputtered fluxes of N and Nb can also be extracted
from this (originally presented) reactive sputtering model.
These sputtered fluxes are dependent mainly on the reacted
state of the target, which the model describes well, as
indicated by the ISS measurements shown in Chapter 4. The
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sputtered flux ratio of N to Nb (N/Nb) is shown as a function
of the N2 flow in Figs. 5.14 and 5.15, with the same model
parameters shown to accurately fit the measured deposition
rate and nitrogen pressure during ion-beam reactive sputtering
(Figs. 5.5 through 5.8).
There are two revealing features of these modeled N/Nb
sputtered fluxes. One is that the sputtered N flux is greater
than the sputtered Nb flux after the target has reacted. When
sputtering a compound NbN target, the sputtered flux ratio of
N to Nb is expected to be equal to one under steady-state
conditions. Therefore, this modeled result shows another
important difference (expected) between sputtering a compound
target and reactive sputtering. Secondly, when lowering the
beam current, the sputtered N/Nb ratio appears to reach higher
values. The sputtering current is important because it
determines the N2 flow required for the target to react fully.
Also, in these experiments the target temperature depends on
the sputtering current. The N2 sticking coefficient at the
target decreases as the target temperature increases.
In accord with these modeled results of the sputtered N/Nb
fluxes, we have also observed (experimentally) in the course
of this study that during reactive sputtering the magnitude of
the deposition rate drop due to the target reaction depends on
both the sputtering gas and the incident energy. When
sputtering at equal powers (equal target temperatures) and the
same voltage, the deposition rate drops more when sputtering
199
2.5
0
t--0W
CLl
--u
H:
H3
.0
1.5
1 2
NITROGEN FLOW (sccm)
Figure 5.14 Modeled ratio of sputtered N and Nb fluxes, with
the same model parameters used to fit the measured deposition
rate when sputtering with 1200 eV Ar÷, and currents of 50, 84,
and 126 mA.
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Figure 5.15 Modeled ratio of sputtered N and Nb fluxes, with
the same model parameters used to fit the measured deposition
rate when sputtering with 1000 eV Ar,, and currents of 70 and
110 mA.
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with xenon than with argon. This is shown in Fig. 5.16, when
sputtering with 1200 eV, 50 mA and adding N2 outside of the
ion source. This may indicate that the target is more fully
nitrided when sputtering with xenon.
When sputtering with nearly constant power (constant
target temperature) we have found that the deposition rate
drop is relatively greater when using a lower beam voltage.
This is shown when sputtering with argon gas (Fig. 5.17) at
either 1200 or 600 eV, and when sputtering with xenon gas
(Fig. 5.18) at either 1200, 1000, or 800 eV. The larger drop
in deposition rate would indicate that the N/Nb ratio in the
sputtered flux was increasing. The noticed effect is small,
but it may be important in the film growth process.
These results indicate that it is advantageous to operate
using a lower beam voltage, and a lower target temperature to
maximize the ratio of sputtered N/Nb. Magnetron sputtering
systems, which typically operate at voltages near 400 eV (and
generally have better target cooling), may therefore have
larger ratios of N/Nb in the sputtered flux, which should be
advantageous.
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Figure 5.16 Comparison of the deposition rate versus nitrogen
flow when sputtering with argon or xenon at equal power. In
both cases, a 1200 eV, 50 mA beam is used, and nitrogen is
added outside the ion source. The points indicate measured
data, and the lines are modeled fits.
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Figure 5.17 Deposition rate versus nitrogen flow when
sputtering with argon gas and equal total power, but different
voltages. The conditions compared are 600 eV, 90 mA and 1200
eV, 50 mA (which result in -equal target temperatures). Here,
the lines are drawn simply to connect the points.
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Figure 5.18 Deposition rate versus nitrogen flow when
sputtering with xenon gas and equal total power, but different
voltages. The conditions compared are 800 eV, 72 mA; 1000 eV,
60 mA; and 1200 eV, 50 mA (which result in equal target
temperatures). Here, the lines are drawn simply to connect
the points.
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5.3 CONCLUSIONS
By comparing the reactive sputtering model developed here
to actual processing curves obtained during reactive ion-beam
sputtering, I have shown that the model accurately describes
the measured nitrogen pressure and deposition rate dependence
on nitrogen flow when sputtering with either argon or xenon
gases. Therefore, it is expected that the physical processes
used to formulate the model are valid. This indicates that
thermal nitrogen readily reacts at the depositing film, as
well as reacting at the target surface.
The effects of sputtering with nitrogen ions present in
the ion-beam is also incorporated into the model, and compared
to actual processing data. It is found that the target
reaction rate is not significantly enhanced by the presence of
nitrogen ions in the beam, mainly because the thermal flux is
larger than the ion flux and very reactive. Therefore, in
diode and magnetron systems in which the ionized fraction is
only a few percent, the reaction of the thermal species will
dominate. This will hold true in general when reactive
sputtering as long as the sticking coefficient of the reactive
gas to the target is large. The deposition rate is affected
by the presence of the nitrogen ions, because the nitrogen
ions have a lower sputtering yield than the argon or xenon
ions. These results are also corroborated by the ion
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scattering spectroscopy (ISS) analysis of the target reaction
(Chapter 4).
Results from the model indicate that the sputtered flux of
N is expected to be larger than the sputtered flux of Nb once
the target has sufficiently reacted. This would not occur
when sputtering a compound target, and reveals an important
difference expected between sputtering a compound target and
reactive sputtering.
Comparing the modeled film composition to the measured
film composition reveals that the model does not accurately
describe the actual film composition. The model assumes that
the composition saturates at stoichiometric NbN, which is not
the case (NbN is known to be typically nitrogen deficient).
By changing the dependence of the nitrogen sticking
coefficient on the nitrogen coverage at the film, the modeled
composition more accurately matches the actual film
composition. This change of the model does not change the
basic framework of the model; meaning that the physical
processes described by the model appear to be the dominant
processes occurring during reactive sputtering.
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CHAPTER 6
DEPENDENCE OF NIOBIUM FILM PROPERTIES ON
PROCESSING CONDITIONS
The main usefulness of the analysis of the sputtering
process (as presented in Chaps. 3 through 5) is that it
enables one to more directly relate the deposition processes
to thin film properties. Hopefully, this information would
also prove useful to other researchers in designing their own
deposition equipment and experiments to obtain specific film
properties. In this Chapter, the properties of Nb films grown
by ion-beam sputter deposition will be presented, and
discussed in light of the results presented in Chap. 3.
Niobium is the element with the highest superconducting
transition temperature (or critical temperature) Tc (9.25±0.02
K, Ref. 112), and it is utilized for its superconducting
properties generally in either wire form or thin film form145
Although the optimum film properties depend on the intended
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application, for most applications it is desirable to maximize
Tc. The room temperature resistivity P300K of bulk Nb is about
15 An-cm (Ref. 146), with the resistivity dropping to very low
values at low temperature for pure samples, before becoming
superconducting. The ratio of the resistivity at room
temperature to that at temperatures just above Tc (such as
P20K), the residual resistivity ratio RRR, is a good indicator
of film purity and/or defect density, with values in excess of
100 for single crystal films.
The Nb film properties will be presented as a function of
the primary-ion energy, the noble gas used, and the substrate
temperature. The film properties that will be focussed on are
the Tc, resistivity and RRR, and grain size as determined
using plan-view TEM and X-ray diffraction line broadening.
Films have been grown on silicon wafers having a thermally
grown Si02 oxide coating. Substrates are unheated during
growth unless specifically stated otherwise.
6.1 RESULTS
6.1.1 SUPERCONDUCTING CRITICAL TEMPERATURE TC
The resistivity versus temperature near TC of Nb films
grown with either argon or xenon gas and an ion energy of 1400
eV is shown in Fig. 6.1. The germanium resistor used to
measure temperature has an accuracy and resolution of better
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FIGURE 6.1 Low temperature portions of resistivity versus
temperature curves of Nb films grown with 1400 eV argon or
xenon beams. The temperature midpoint of the resistive
transition defines the Tc. The accuracy and resolution of the
Ge resistance thermometer is 0.01 K.
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than 0.01 K. The width of the transition 6Tc (from 90% to 10%
of P100) is a measure of film purity or uniformity; the purer
or more uniform the film, the smaller the value of 6Tc in
general 00. Note that when sputtering with xenon, the Tc is
higher, the 6TC is smaller, and the residual resistivity is
lower than when sputtering with argon of the same energy.
In Fig. 6.2 the Tc is shown for films grown with ion
energies from 600 to 1400 eV using either argon or xenon
gases. Note that when sputtering with argon, the Tc tends
towards the bulk value as the ion energy is decreased,
although it still falls below the bulk value. When sputtering
with xenon, the Tc is nearly equivalent to the bulk value,
regardless of ion energy. Included in the figure are the TC's
of films grown at 1400 eV with the substrate holder heated to
600 0C (the exact substrate temperature is unknown). Heating
substantially increases the Tc when sputtering with argon,
although the value still falls slightly below that obtained
using xenon gas. The Tc and 6Tc of all these films are listed
in Table 6.1.
6.1.2 ELECTRICAL RESISTIVITY p
The residual resistivity (at 20K, P20K) of these Nb films
are shown as a function of the ion energy in Fig. 6.3-. Note
that once again, the films grown with argon gas have
resistivities furthest from the bulk value (for high purity
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FIGURE 6.2 Superconducting critical temperature Tc of Nb
films deposited using either argon or xenon gases, as a
function of ion energy. All films are deposited at ambient
temperature except two, which are heated to <6000C, as
indicated in the figure.
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TABLE 6.1 Summary of Nb film properties, deposited with
argon and xenon gases at various ion energies. Bulk Nb has a
Tc of 9.25 K, a lattice parameter of 3.303 A, a P300K of 15 pO-
cm, and a p20K of less than 1 pO-cm (all these properties
depend on purity).
ION ENERGY THICKNESS Tc  6Tc  P300K P20K RRR
(and RATE)
eV A, A/s K K uo-cm Mn-cm
(with Argon gas)
1400 3100, 1.54 8.80 0.03 27.9 11.6 2.41
1200 3100, 1.64 8.86 0.05 27.5 10.9 2.52
1000 3000, 1.49 8.94 0.02 27.3 10.5 2.60
800 3000, 1.18 8.97 0.02 26.0 9.4 2.76
600 3000, 0.76 9.00 0.01 24.8 8.26 3.00
1400 2900, 1.09 9.22 0.01 20.0 2.56 7.81
(6000C)
(with Xenon gas)
1400 3050, 1.30 9.25 0.01 22.5 4.90 4.60
600 2500, 0.45 9.17 0.01 23.0 5.54 4.16
1400 3400, 1.18 9.27 0.01 18.7 1.30 14.4
(6000C)
X-RAY TEM
ION ENERGY THICKNESS a110  GRAIN SIZE APPROX. G.S.
(110) (220)
eV A A A A A
(with Argon gas)
1400 3100 3.344 109 59 120
600 3000 3.340 126 67 130
1400 2900 3.299 358 177 150
(6000C)
(with Xenon gas)
1400 3050 3.332 167 81 150
600 2500 3.332 187 92 140
1400 3400 3.299 487 306 200
(6000C)
213
Ar~n
-. . -Xe.)4+
+ - 3 4--
A3 -
I a I a a a a
0.9(Thousaonds)
ION BEAM ENERGY (eV)
FIGURE 6.3 Resistivity measured at 20 K of Nb films deposited
using either argon or xenon gases, as a function of ion
energy. All films are deposited at ambient temperature except
two, which are heated to <6000 C, as indicated in the figure.
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Nb, P20K < 0.1 pC-cm), and the resistivity is observed to
decrease with decreasing ion energy. When sputtering with
xenon, the resistivity is virtually unaffected by the ion
energy. Heating the substrate holder to 6000C during growth
lowers the resistivity substantially, and the heated film
grown with xenon still has a lower resistivity than the heated
film grown with argon. These residual resistivities P20Kg the
room temperature resistivities P300K, and their ratios RRR are
included in Table 6.1. The RRR also clearly reveals how the
ion energy, noble gas, and substrate temperature can affect
the films.
6.1.3. GRAIN SIZE AND LATTICE PARAMETER
The grain size has been investigated using both plan-view
transmission electron microscopy TEM and conventional 9/2e X-
ray diffractometry. With plan-view TEM, the grain dimensions
in the plane of the substrate surface (x-y plane) are
observed. Using X-ray diffraction line broadening as a
measure of the particle size1"', information about the grain
dimension in the z-direction is obtained (perpendicular to the
substrate surface). The lattice parameter obtained using this
X-ray diffraction geometry is also the value in the z-
direction of the film, since only planes parallel to the
substrate surface will diffract.
The effect of particle size on the X-ray diffraction peak
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broadening was calculated using the Scherrer equation'0 1 and
assuming that the peak shape is Gaussian. The instrumental
broadening was determined by examining a Nb powder sample with
the same instrument (see Appendix C for details of the
calculation). Although line broadening could also be due to
nonuniform stress, stacking faults, or twins101 , the broadening
still relates to the film structure, and the calculated grain
size gives a lower limit to the actual grain size in the z-
direction. Because all the Nb films are strongly oriented
with the (110) parallel to the substrate surface, only (110)
and (220) peaks are observed in the diffraction patterns.
The calculated lattice parameter (of the (110) plane) and
particle size (from the (110) and (220) planes) are listed in
Table 6.2. The lattice parameters obtained from the (110) and
(220) were all equivalent within the resolution of the data
(about ±0.002 A for a,10). When sputtering with xenon, the
lattice parameter is closer to the bulk value of 3.303 A
(obtained from the powder standard). The fact that the
lattice parameter is larger than the bulk value indicates that
the film is under biaxial compressive stress, forcing the
lattice to expand in the z-direction.101 Notice that when
sputtering with xenon the calculated grain size (GS110 = 180 A)
is larger than when sputtering with argon (GS10 = 115 A). The
fact that the calculated particle sizes from the (110) and
(220) planes are not equal suggests that other factors may be
affecting the line broadening besides just the small particle
216
size.147 When heating the films during growth, the calculated
particle size nearly triples, with the particle size still
larger when sputtering with xenon than with argon. The
measured lattice parameter is equivalent to the bulk value for
these heated Nb films (within the experimental error).
TEM micrographs of selected Nb films are shown in Figs.
6.4 and 6.5, with electron diffraction patterns shown in Fig.
6.6. Figure 6.4 (a) and (b) shows micrographs of Nb deposited
with argon using ion energies of 600 eV and 1400 eV. It
appears that the grain size is relatively unaffected by the
change in ion energy, and the grain size (-125 A) is roughly
equal to that obtained using X-ray diffraction. As shown in
Fig. 6.4(c), heating the substrate during growth with 1400 eV
argon results in an increased grain size (-150 A). When
sputtering with 140.0 eV xenon, the micrographs in Fig. 6.5 (a)
and (b) show that the grain size (-150 A) is larger than when
sputtering with argon, and that heating during growth (Fig.
6.5(c)) increases the grain size (to -200 A). The grain sizes
obtained from TEM correlate well with the values obtained from
X-ray diffraction from the (110) plane, although these
techniques measure grain dimensions in orthogonal directions
of the crystallites. The grain sizes as measured from the
micrographs are included in Table 6.1.
The selected area diffraction (SAD) patterns shown in Fig.
6.6 (a-d) also reveal the difference in grain size obtained
under the different growth conditions. The same field-
217
a) 600 eV Ar b
450 O
c) 1400 eV Art, heated
FIGURE 6.4 TEM micrographs of Nb films deposited using argon
gas at: a) 600 eV ion energy, b) 1400 eV ion energy, and c)
1400 eV, with the substrate heated to <6000C during growth.
The bright field pictures were taken at 100 kX magnification,
using 125 kV electron acceleration.
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FIGURE 6.5 TEM micrographs of Nb films deposited using xenon
gas at: a) 600 eV ion energy, b) 1400 eV ion energy, and c)
1400 ev, with the substrate heated to <6000C during growth.
The bright field pictures were taken at 100 kX magnification,
using 125 kV electron acceleration.
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FIGURE 6.6 Selected area electron diffraction (SAD) patterns
of Nb films deposited using: argon gas at 1400 eV ion energy,
with the substrate either at ambient temperature (a), or
heated to <6000C (b); or xenon gas at 1400 eV ion energy, with
the substrate either at ambient temperature (c), or heated to
<600 0C (d). The field limiting aperture size is 50 ym.
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limiting aperture (50 Am diam) was used in all cases, so a
change in the density of spots in the diffraction rings
relates to a change in grain size (the TEM sample thickness is
expected to vary less than 10%). When sputtering with argon
using 600 eV and 1400 eV beams, the SAD patterns are found to
be virtually identical. In Fig. 6.6 (a) and (b) the effect of
sample heating on the SAD pattern is shown, when sputtering
with argon. Note that the sample heating results in spottier
rings, which indicates a larger grain size. The effect of
substrate heating when sputtering with xenon gas at 1400 eV is
shown in Fig. 6.6 (c) and (d). The heating again increases
the spottiness of the pattern. Also note that the rings are
spottier when sputtering with xenon than argon, indicative of
a larger grain sizes.
The reactive impurities in films grown at 1200 eV have
been compared using secondary ion mass spectrometry (SIMS),
and films grown with argon and xenon were found to have the
same impurity levels (CP0.03%, N<0.006%, and 0<0.02%).
Therefore, effects on film properties due to background
impurities can be neglected. Background gas pressure effects
can also be neglected, because the pressure is low enough that
gas scattering is negligible, and the residence time of a
noble gas on the surface is extremely small.'" In the more
typical magnetron and diode sputtering systems, the background
pressure has a large effect on film properties115 because
significant scattering occurs in the gas phase due to the
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higher pressures used, and the pressure also affects the
plasma properties.
6.2 DISCUSSION
Referring back to Chapter 3, from the analysis of the
sputtered ion energies, some important results were obtained:
1) the sputtered Nb energy is virtually independent of the
incident ion energy and ion species (Ar or Xe); and 2)
energetic reflected Ar÷ is observed with its energy scaling
proportionally to the incident ion energy. From the analysis
of energetic neutrals discussed in Section 3.3, it was
observed that 3) less energetic bombardment is present when
sputtering with xenon than when sputtering with argon, at
equal deposition rates.
Therefore, when sputtering with argon gas, the drop in TC
and the increase in resistivity observed when increasing the
incident ion energy (Figs. 6.2 and 6.3) can be attributed to
the higher energy bombardment of the growing film by the
reflected argon, which causes a decrease in the grain size,
and an increase in defects within the grains (such as argon
inclusions). Although a significant change in the grain size
was not observed when changing the ion energy, the small
change in the grain size could be enough to account for the
property changes. In the absence of any other effects,
differences in the grain size alone are expected to have an
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influence on the resistivity values;149 with such small grains
electron scattering from grain boundaries can dominate.
Although the argon content of the various films has not been
compared, a film grown with 1200 eV Ar÷ was found to contain
0.9% Ar impurity as determined using Rutherford backscattering
spectroscopy (RBS). The films grown with xenon are subject to
less energetic bombardment, have larger grains, and would be
expected to have properties closer to the bulk values. This
is exactly what is found, as revealed consistently by all the
data presented. A film grown with 1200 eV Xe÷ was found to
contain only 0.04% Xe using RBS analysis. The fact that the
film properties of Nb deposited with argon are only slightly
dependent on the incident ion energy could be caused by the
fact that the ratio of reflected particles to sputtered
particles is expected to increase as the ion energy is
decreased. See Appendix D for a more detailed account of this
effect.
Defects in the growing film due to energetic bombardment
by noble gases are expected to be annealed out to some degree
by substrate heating, and noble gas trapped in near-surface
layers during film growth may be liberated. Also, the grain
size is obviously expected to increase. This seems to be the
case, as seen when heating the substrates to 6000 C during
growth. Although the melting point of Nb is extremely high
(24700 C, Ref. 112), the change in the grain size and shape
caused by heating reveals that at least surface or grain
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boundary diffusion has been enhanced considerably. Because
the heated films grown with argon still have smaller grains
and inferior electrical properties than those grown with
xenon, the energetic bombardment during growth is still
acting to limit the grain size.
The differences in the lattice parameter of films grown
with argon or xenon from the bulk value are expected to be due
to film stress, caused mainly by the energetic bombardment of
the reflected sputtering gas.7 '119,'150 However, it may also be
attributed at least in part to the energetic nature of the
sputtered atoms themselves when ion-beam sputtering. (Niobium
films grown by evaporation, which generally produces atoms
having less than one eV of energy, are usually subject to
tensile stress70 '151). The lattice expansion (which is measured
in the z-direction) could be caused partly by the implanted
noble gases expanding the lattice. Whatever the cause, it is
clear that a compressive stress is acting in the x-y plane of
the film, as evident from peeling patterns of films deposited
on improperly cleaned substrates. Assuming a purely biaxial
stress, the lattice parameter shift in the Nb films grown with
argon indicate a principle compressive stressI'0 of 1.6x1010
dynes/cm2, assuming that the x and y stresses are equal. This
is nearly equal to stresses observed in magnetron sputtered Nb
films deposited with an applied substrate bias71 , in which case
similar levels of argon incorporation were observed. Because
the films grown in xenon are also subject to a large
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compressive stress (1.2x10 dynes/cm2), the gas incorporation
itself cannot be fully responsible for the high stresses, but
the energetic sputtered atoms may be contributing to this
effect. Wu71 noted that besides inert gas incorporation,
bombardment may affect the stress level by the formation of a
more dense microstructure and by a "shot peening" action.
Very-small-grained films such as these are known to support
large stresses, evidently because of a lack of dislocations.15 2
Other workers7 '153'154 have also observed that the noble gas
used during ion-beam sputtering has a large effect on film
properties. Kay et a1154 concluded that energetic reflected
gas atoms were responsible for the observed lattice parameter
shifts in films of Pt, Pd, and Cu grown using ion-beam
sputtering with variety of noble gases. Inert gas bombardment
during growth has been shown to have a strong effect on Nb
film properties from other experiments in which inert gas
bombardment is deliberately utilized. Examples are the use of
ion-assisted evaporation" to alter the Nb film stress and
resistivity, and the use of dual ion-beam sputtering by Yu et
al to control the Nb orientation. Heim and Kay74 have shown
that when applying a substrate bias during triode glow
discharge sputtering of Nb, the Tc decreased and the
resistivity increased as the bias was increased, along with an
increase in the amount of trapped noble gas (krypton). The
contribution of this work is that I have measured bombarding
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ions directly, confirming the presence of these energetic
reflected species during ion-beam sputtering. Also, I have
confirmed that the sputtered ion energies are not
significantly affected by the primary ion energy or noble gas
used, which also supports the idea that a change in the noble
gas reflection is the main difference when sputtering with
different sputtering gases. Although the presence of the
reflected gas is expected20' 21 and the general nature of the
sputtered atom energies have been shown by others,20 ,24 ,27 these
other studies have not been carried out in conjunction with
film growth studies using the same apparatus.
All of the results from the other studies of Nb film
growth support the general conclusions that inert gas
bombardment affects the film properties, but the mechanisms
are not entirely clear. In an excellent review, Rossnagel and
Cuomoll9 describe some observed effects of low energy ion
bombardment during deposition, which include effects on: grain
size, orientation, nucleation density, defect density, lattice
distortion and/or film stress, surface diffusion, film
density, epitaxial temperature, and surface topography.
Undoubtedly the origins of some of these effects will be
related, although conflicting reports exist. For example, it
is shown119 that the grain size of Cu and Ag films decreases
with increasing bombardment during growth, but other
studies119 show that in the early stages of film growth,
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bombardment can lead to larger cluster sizes and larger
intercluster distances through enhanced surface diffusion.
These results are seemingly contradictory, and a consistent
explanation of the origin of effects such as these is lacking.
Changes in the film microstructure caused by bombardment
during growth are commonly attributed to: surface mobility
(normally expected to increase), density of nucleation sites
(may increase or decrease), and preferential resputtering.
6.3 CONCLUSIONS
All changes observed in the Nb film properties presented
can be attributed to the varying amounts of energetic
bombardment by reflected primary ions during growth. Lowering
the incident ion energy is found to decrease the bombardment
energy when sputtering with argon, and film properties then
improve. Using a higher mass sputtering gas (Xe) is more
effective in reducing the reflected ions, judging from the
obtained film properties. This would be expected based on
calculations, and agrees with general findings of other
studies.
When using ion-beam sputtering, Nb film properties such as
the grain size, Tc, and resistivity are found to be intimately
related, and can be tailored to meet specific needs with the
right choice of deposition parameters. Under optimized
conditions, the Nb properties are comparable to those obtained
using any other deposition method.
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CHAPTER 7
DEPENDENCE OF NIOBIUM NITRIDE FILM
PROPERTIES ON DEPOSITION CONDITIONS
The interest in studying the relationship between NbN film
properties and deposition conditions is fueled by the fact
that it is often difficult to obtain NbN films having the
specific properties desired; for use in high frequency device
applications, this means highest possible Tc (-17 K) and
lowest possible resistivity (-50 AO-cm). It is advantageous
to deposit using the lowest possible substrate temperature to
minimize degradation of existing underlying structures.
In this chapter, the properties of NbN films deposited
under a variety of experimental conditions will be presented.
When relating NbN properties to deposition conditions, the
analysis is not as straightforward as was found when
depositing Nb films. This is because of the added
complexities of compositional variation and the possibility of
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having multiple phases present. The cubic superconducting
phase of NbN (6 phase, a=4.393 A) is only thermodynamically
stable above 13000C (Ref. 81), as shown by the equilibrium
phase diagram in Fig. 1.9, and it can exist in a wide range of
compositions, typically being nitrogen deficient, with vacancy
ordering occurring on the N sublattice.83 The superconducting
critical temperature TC increases as the nitrogen content
approaches the stoichiometric values ,155 (although
stoichiometric 6 NbN does not exist on the phase diagram).
The maximum Tc of NbN is about 17 K (refs. 50 and 77).
Because the issue of phase formation is of importance when
depositing NbN, other factors which influence film growth,
besides those factors directly linked to the sputtering
process, have also been investigated. This includes factors
such as substrate type (single crystal, amorphous, etc) and
substrate temperature, since both have been observed to
influence NbN film properties.77 a88 ,157 It has also been found
that the addition of dopants such as carbon leads to an
increase in the critical temperature.4'6'7
In the first section of this chapter, the effects of the
sputtering process on film properties will be presented. The
next sections will deal with issues related to the film growth
process, but which are mostly independent of the sputtering
process; substrate type (single crystal MgO and amorphous
SiO2), substrate heating, and immersion of the substrate in a
glow-discharge plasma. In the last two sections, the effects
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of carbon addition during film growth and the effects of post-
deposition rapid thermal annealing (RTA) will be discussed.
7.1 EFFECTS OF THE SPUTTERING GASES (Ar, Xe, N2)
From the results presented in Chapter 6, it was observed
that changing the sputtering gas has a significant effect on
the Nb film properties due to changes in the amount of
energetic bombardment. The use of different sputtering gases
would therefore be expected to influence the NbN properties as
well.
The important points to remember from the analysis of the
sputtering process presented in Chapter 3 are that: 1) the
sputtered ion energies are largely independent of ion energy
or noble gas (Ar or Xe); 2) Ar+ is observed to scatter from
the target with an energy proportional to the incident energy;
3) less bombardment is observed when sputtering with xenon
than with argon at the same deposition rate; and 4) when
nitrogen is added into the ion source, more bombardment is
observed than when nitrogen is added outside the source when
sputtering with argon gas, but there is no difference noticed
when using xenon.
The effects that argon and xenon sputtering gases may have
on the film properties has been investigated by comparing
properties of films grown using either 1200 eV (84 mA) Ar' or
1200 eV (43 mA) Xe÷ ion beams. Use of these conditions
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results in roughly the same deposition rate with no nitrogen
added. Films have been grown with various amounts of N2 added
so as to cover the available composition space (however, the
amount of N2 added is not the only factor controlling the
composition). Nitrogen is added to the system either 1)
outside of the ion source, in which case the ion beam remains
essentially all noble gas ions (see Appendix A), or 2) into
the ion source, in which case the ion beam may contain a
mixture of noble gas and nitrogen ions. All of the films
discussed in this section are between 1500 A and 2000 A thick,
and have been deposited on thermally oxidized Si wafers (the
thermal oxide is amorphous SiO2). The substrate is at ambient
temperature, about 500C, during growth.
7.1.1 RESULTS
The TC of NbN films deposited in this manner is shown as a
function of N2 flow in Fig. 7.1. As the N2 flow is increased
from zero, the TC rises abruptly as the films change from a
nitrogen-stuffed BCC Nb to the cubic NaCl structure of NbN.
Note that when sputtering with xenon, the maximum Tc obtained
is higher than when sputtering with argon. When N2 is added
into the ion source with argon, the TC decreases substantially
at high flows, compared to when N2 is added into the chamber
directly. When N2 is added into the ion source with xenon,
almost no change is observed, although the maximum TC is
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Figure 7.1 Superconducting critical temperature Tc as a
function of the N2 added during ion-beam reactive sputtering.
Films have been deposited on unheated Sio2 using either argon
or xenon sputtering gas, with N2 added to the chamber
directly, or through the ion source.
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slightly higher when nitrogen is added in the ion source.
Similar trends are observed when comparing the resistivity
at 20 K (P20K) of these films, as shown in Fig. 7.2. The
minimum resistivity is lower when sputtering with xenon than
with argon, although at high N2 flows the lowest resistivity
is obtained when sputtering with argon and N2 added outside
the ion source. Adding N2 into the ion source increases the
resistivity substantially at high flows when sputtering with
argon, but only slightly when using xenon.
Analysis of these films using X-ray diffraction and
electron diffraction show that nearly all the films are single
phase, cubic NbN. Typical diffraction patterns of films grown
with argon and xenon gases are shown in Fig. 7.3; notice that
the peaks are very broad, and the intensities are weak. The
X-ray traces are therefore not very adequate for phase
determination. However, these films are superconducting, and
the two peaks shown can be attributed to the (111) and (200)
planes of the cubic 6 phase of NbN, although the peaks are
shifted substantially from the expected positions (shown on
the figure). The lattice parameters obtained from the
diffraction patterns are larger than those of bulk NbN,
presumably due to biaxial compressive stresses acting in the
plane of the substrate. The existence of compressive stress
is evidenced by the peeling pattern of films made into TEM
specimens. Using the Scherrer equation to calculate the
particle size from the line broadeningo (see Appendix C),
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Figure 7.2 Resistivity measured at 20 K P20K as a function of
the N2 added during ion-beam reactive sputtering. Films have
been deposited on unheated SiO2 using either argon or xenon
sputtering gas, with N2 added to the chamber directly, or
through the ion source.
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Figure 7.3 X-ray diffraction patterns of NbN films deposited
on unheated Si02; using either (a) Ar with 0.9 sccm N2 added(outside the ion source), or (b) xenon with 0.5 sccm N2 added(in the ion source).
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particles sizes in the vicinity of 50 A are obtained. The X-
ray diffraction linewidths do not reveal any significant
trends in the grain size with deposition conditions. This is
undoubtedly because the grains are so small, and small changes
in the grain size would be difficult to detect. This small
grain size is confirmed by bright-field TEM micrographs, as
shown in Fig. 7.4, for films deposited with argon and xenon
gases and 1.1 sccm and 0.5 sccm N2 added, respectively.
Selected area diffraction (SAD) patterns of these films
are included in Fig. 7.4, and reveal that the films are cubic
NbN. Films grown at higher N2 flows, however, are observed to
have a small amount of second phase present. This is observed
in the films grown with xenon and 1.7 sccm N2 added (in or out
of the ion source), and in the film grown with argon and 2
sccm N2 added in the ion source. Films grown with argon and
N2 added outside the ion source show no indication of a second
phase. The SAD pattern of a film grown with Ar+ and N2 added
in the ion source is shown in Fig. 7.5. The lines
constituting the second phase are marked; by comparing to the
single phase pattern, it is evident that most of the material
is still cubic NbN.
The composition of selected films has been examined using
Auger electron spectroscopy (AES), with Rutherford
backscattering spectroscopy (RBS) performed on one film in
order to obtain an absolute composition standard (with RBS the
N content in NbN is only accurate to about 5%). When
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a) NbN (with argon)
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c) NbN (with xenon) d) SAD (with xenon)
Figure 7.4 Bright-field TEM micrographs and SAD patterns of
NbN films deposited on unheated SiO2 using either Ar or Xe
gas. The film deposit with Ar (a,b) had 1.1 sccm N2 added
(outside the ion source), and the film grown with Xe (c,d) had
0.5 sccm N2 added (in the ion source).
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b) SAD (with argon)
Figure 7.5 SAD pattern of a film deposited on unheated SiO2
using Ar gas (1200 eV, 84 mA), with 2.0 sccm N2 added in the
ion source.
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depositing with argon, the films contain more nitrogen when N2
is added to the system through the ion source. With N2 added
in the ion source, the compositions were determined to be
NbN0.87 with 0.9 sccm N2 added, and NbINo0. with 2.0 sccm N2.
With N2 added outside the source, the compositions were
determined to be NbiNo.83 with 0.9 sccm N2 added, and Nb1N0.82
with 2.0 sccm N2. When sputtering with xenon gas, no
significant difference in the N content was observed when
nitrogen was added in the ion-source. With N2 added outside
the source, compositions of NbNo.z7 8 and Nb1N0 .85 were obtained
for films grown with 0.5 and 1.7 sccm N2 , respectively. With
N2 added in the ion-source, compositions of NbiNo. 81 and NbNo.84
were obtained for films grown with 0.5 and 1.7 sccm N2 added.
Note that the film grown with Xe and 0.5 N2 added has a higher
TC and lower N content than the film grown with Ar and 0.9
sccm N2 added.
7.1.2 DISCUSSION
Energetic bombardment (by reflected nitrogen or noble gas
from the ion-beam) is expected to result in lattice damage
(disorder, implanted gases, etc) or an alteration of the grain
size or shape. It is known that NbN properties such as the
resistivity, critical current density, and the upper critical
field are very sensitive to microstructure.158'159 Changes in
film composition and phase also affect the film properties.
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When sputtering with argon, the lower Tc (at the maximum)
and the higher P20K (at the minimum) than when sputtering with
xenon would appear to be due at least in part to the substrate
bombardment by energetic reflected argon, as was clearly
observed when depositing Nb films. It is known that lighter
mass atoms scatter with a higher probability than heavier
ones20'21 and would also scatter with a higher energy.3
Therefore, when adding N2 into the ion source with argon,
the decrease in the Tc and increase in resistivity at high N2
flow can be explained by the additional bombardment due to
scattered nitrogen (N or N2). Additional bombardment under
these conditions is indicated by the measurement of the
energetic neutral bombardment, as shown in Chapter 3, and is
discussed in more detail in Ref. 109. Energetic nitrogen was
not observed using.the VG ion energy/mass analyzer, presumably
because the scattered nitrogen is all neutralized at the
target. When sputtering with xenon, the fact that the film
properties are only slightly affected by the addition of N2
into the ion source can be explained by the fact that very
little nitrogen is being ionized in this case (based on the
results shown in Chapters 3 and 5). Very little N2 ionizes
because the ionization probability of N2 is much smaller than
that of xenon at 27 eV ionization energies145
The film compositions show that when sputtering with
argon, the films contain more nitrogen when N2 is added into
the ion source, as opposed to N2 being added into the chamber
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directly. This is consistent with the notion that energetic
reflected nitrogen is bombarding the growing film and
implanting to some degree when nitrogen is added into the ion
source, which could cause damage leading to an increased P20K
and a decreased Tc (Ref. 160). If the increase in nitrogen
content occurred without any other effects on the
microstructure, the Tc would be expected to increase.83,155
Changes in grain size with nitrogen flow or sputtering gas
were not observed using TEM or X-ray diffraction, and defects
within grains would need to be examined using higher
resolution techniques. However, electron diffraction does
reveal the presence of some second-phase material at high
nitrogen flows. Based on the 2e positions of the second phase
peaks, and other results to be reported later in this chapter,
the second phase appears to be a hexagonal phase of NbN (6'
phase, a=2.968 A, c=5.535 A). This phase is reported to be a
metastable phase, not present on the equilibrium phase
diagram81 , although Guard et al.81 feel that this phase could
possibly be the equilibrium phase at low temperatures. This
aspect will be discussed more fully later in this chapter.
This phase is shown later in this Chapter to be
nonsuperconducting above 4.2 K.
Because this second phase is not evident when sputtering
with argon and adding N2 outside the ion source, it is
difficult to tie the second-phase appearance to the
bombardment conditions. The films grown with xenon are
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expected to have the least amount of bombardment, and these
films show the presence of some second phase material.
However, based on evidence to be reported later in this
chapter, we believe that the bombardment conditions do play a
role in the phase formation. The second phase formation is
also related to the film composition.
At high N2 flows, the resistivity of films grown with
xenon are higher than that of films grown with argon and N2
added outside the ion source. This could be due to the small
amount of second-phase material present in the films grown
with xenon. Because the resistivity measurement is volume
sensitive, whereas the Tc measurement is not, it is possible
for the second phase to affect the resistivity and not the Tc.
This may explain why the Tc of films grown with xenon gas are
fairly insensitive to the N2 flow, but the resistivity changes
significantly. If this explanation is correct, the decrease
in the Tc of films grown with argon and N2 added in the ion
source would not be due to the presence of the second phase,
but due to some other effects, such as the increased
bombardment during growth producing microstructural changes
and/or lattice damage. The resistivity increase observed
could be due to a combination of this damage and the second
phase formation, explaining the steeper increase in
resistivity with N2 flow when sputtering with argon and adding
N2 in the ion source.
The generally low TC of the films presented here is
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typical of ion-beam sputtered NbN.90,91 It is believed that the
energetic deposition conditions of ion-beam sputtering are a
major reason for the depressed Tc; studies have shown that
high energy ion bombardment of NbN (after deposition) will
depress the Tc (Ref. 160). The resistivity of these ion-beam
sputtered films is comparable to that observed in typical
magnetron sputtered films. The critical current density Jc
(the maximum current density that the material can support and
remain superconducting) has been measured to be ~2x106 A/cm2
(at 4.2 K and no applied field), which is also quite good.
Methods for improving the Tc of these films need to be
addressed, because a main advantage in using NbN to replace Nb
in superconducting devices is the ability to operate in
closed-cycle refrigerators, which typically cool to about 10
K, and requires material with a Tc above about 14 K for
optimal operation. Examining what other factors may optimize
the Tc, besides those strictly related to the sputtering
process, is the motivation of the following sections.
7.2 EXAMINATION OF NbN FILMS DEPOSITED USING DC MAGNETRON
REACTIVE SPUTTERING
As described in the previous section, when using ion-beam
reactive sputtering, the highest Tc obtained was 11.78 K, and
the lowest resistivity P20K was 180 pC-cm for films grown on
amorphous SiO2. Using dc magnetron reactive sputtering (at
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290 Watts power, and 10 mTorr total argon pressure), films
having Tc's greater than 16 K and resistivities of about 180
pn-cm have been obtained on unheated, amorphous SiO2
substrates.49 These films are found to have much sharper X-ray
diffraction peaks, indicating a grain dimension of -200 A in
the direction perpendicular to the substrate surface (using
the Scherrer equation), and a lattice parameter very near that
of bulk NbN, indicative of very little film stress. Plan-view
TEM micrographs reveal a grain dimension of about 100 A in the
plane of the substrate. An X-ray diffraction pattern and a
SAD pattern of a magnetron sputtered NbN film are shown in
Fig. 7.6. The film shown here is single phase, cubic NbN,
although deposition at higher sputtering powers resulted in
films having a significant amount of second-phase present.
However, films with second phases present still had TC's of
-16 K (Ref. 19). Using AES analysis, the composition of these
films is typically about Nb1N0,85, with trace oxygen and carbon
impurities present. The questions that need to be addressed
are: 1) what aspects of the deposition process are responsible
for producing the larger grain size and lack of film stress,
and 2) are these, or other factors, necessary for obtaining a
higher TC?
The main differences between magnetron sputtering and ion-
beam sputtering are that when magnetron sputtering, 1) the
incident ion-energy at the target is lower (-400V), 2) the
pressure is high enough that some sputtered atoms will lose
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Figure 7.6 (a) X-ray diffraction pattern and (b) SAD pattern
of a dc magnetron sputtered NbN film deposited on ambient
temperature SiO2.
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energy in gas-phase collisions, 3) significant low-energy
plasma bombardment of the substrate occurs (composed of noble
gas and reactive gas ions, and excited species), and 4) the
substrate is hotter during growth (typically a few hundred
degrees celsius). Also, typical magnetron systems are
generally not ultrahigh vacuum, so that impurities such as O
and C are often present. It is expected that one or more of
these factors is responsible for achieving the high Tc
mentioned above, but it is presently not known which effects
are the most important in order to optimize the Tc.
7.3 ATTEMPTS TO ALTER FILM PROPERTIES BY CHANGING
CONDITIONS AT THE SUBSTRATE
In the following sections, the effects of substrate
temperature on film properties will be examined, as will the
effects of adding an auxiliary plasma at the substrate in an
attempt to simulate the environment during magnetron or diode
sputtering. Due to the ion source design, the ion source does
not operate effectively below about 500 V, and operation at
high background pressures would scatter the ion beam, so the
effects of changing these parameters (to lower the overall
bombardment energies) could not be investigated. Because
other studies have shown that deposition of NbN on MgO (Ref.
77 and 156) and the addition of C impurities '157 increases the
Tc, the effects of these factors on film properties have also
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been examined.
The results in the following sections are presented to
reveal the general trends observed upon changing the film
growth environment. Only a limited number of experiments have
been performed in some cases, so the resulting film properties
obtained may not be fully optimized for each set of growth
conditions, but will reveal the general trends.
7.3.1 DEPOSITION ON SINGLE CRYSTAL MgO SUBSTRATES
Cubic MgO has the same crystal structure as cubic NbN
(NaC1 structure), and a lattice parameter of 4.213 A (Ref.
161), closely matched with that of NbN (4.393 A) (Ref. 81).
Other workers have found that the use of MgO substrates can
result in a 1-2 K increase in the Tc compared to films grown
on other substrates. It is argued7 that the MgO helps to
stabilize the growth of the cubic NbN, therefore resulting in
a film having a higher Tc. Therefore, we have grown films on
single crystal MgO ((100) oriented surface) using argon or
xenon sputtering gas, with nitrogen added to the chamber
outside of the ion source.
The films grown on MgO were found to have properties
slightly better than those obtained on SiO 2 substrates. The
Tc obtained was slightly greater than 12 K, and P20K was about
150 pO-cm. No significant differences were observed for films
grown with argon or xenon. The films were found to grow
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oriented to the substrate, with only the (200) peak observed
in the X-ray diffraction pattern, as shown in Fig. 7.7. The
azimuthal orientation of the crystallites is not known,
although there is expected to be some degree of registry with
the substrate. The width of the (200) peak indicates that the
film is probably made up of small grains, on the order of 100
A (larger than the grain size of 50 A obtained for the films
deposited on SiO2).
Although the use of MgO did improve the film properties,
the Tc improvement was not substantial. Therefore, the use of
MgO in itself is not sufficient for optimizing the Tc (this
would be expected since with magnetron sputtering, deposition
on MgO is not required). This indicates that the effects of
the energetic deposition conditions may still be controlling
the film properties to some extent. Because these films
appear to be 100% cubic phase, stabilizing the growth of the
6 phase is not sufficient for optimizing the TC.
7.3.2 SUBSTRATE HEATING DURING GROWTH
Because the substrate temperature is known to be much
higher when magnetron or diode sputtering than when ion-beam
sputtering, and because many researchers have observed that
the Tc increases with substrate heating,50,88 the effect of
substrate heating has been examined (despite the fact that for
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Figure 7.7 X-ray diffraction pattern of NbN deposited on
unheated MgO, using xenon sputtering gas.
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device fabrication requirements, it is often necessary to
deposit using the lowest possible substrate temperatures). In
these experiments, substrates are held to a block which is
heated by passing current through a tungsten strip which is
deposited on the backside of the heater block (described in
Chapter 2). Films were grown with the substrate heater at
-6000C, and because the substrate heating is by radiation
only, the substrate temperature is expected to be around 4000C
based on measurements in a similar system.9 Because the
melting temperature of NbN is about 20500C (Ref. 112), no
significant bulk diffusion is expected during film growth.
Films were deposited on either single crystal MgO or amorphous
SiO2 substrates, using xenon or argon sputtering gas, with
nitrogen added outside of the ion source. SiO2 and MgO
substrates were mounted side by side, so that films were grown
on each substrate during the same run.
DEPOSITION ON SiO2 SUBSTRATES, WITH SUBSTRATE HEATING
For all films deposited on SiO2 with substrate heating
during growth (using argon or xenon sputtering gas), the
resulting NbN films contained nonsuperconducting phases, with
only a small amount of the superconducting 6 phase present.
Examples of X-ray diffraction patterns of films deposited on
heated SiO2 are shown in Fig. 7.8. In Fig. 7.8 (a), the
diffraction pattern of a film deposited using 1200 eV, 100 mA
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Figure 7.8 X-ray diffraction patterns of NbN deposited on
heated (<6000C) Sio2 substrates. Shown in (a) is a film
deposited using 1200 eV, 100 mA Ar÷ with 1.5 sccm N2 added, and
shown in (b) is a film deposited using 1200 eV, 50 mA Xe+ with
4.5 sccm N2 added. Note the presence of the # and 6' phases.
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Ar+ with 1.5 sccm N2 added is shown. This film is composed of
hexagonal (Nb2N) # phase and the cubic 6 phase. Fig. 7.8 (b)
shows the diffraction pattern of a film grown with 1200 eV, 50
mA Xe÷ with 4.5 sccm N2 added, revealing the presence of the 6
phase and the hexagonal (NbN) 6' phase. The composition of
this film was measured to be NbN0,7 using AES analysis. (A
much higher Nz flow is necessary to optimize film properties
when heating the substrate during growth than when no heating
is employed.)
The formation of these other phases is not totally
unexpected, since the 6 phase is not the thermodynamic
equilibrium phase below 13000C (Ref. 81). The P phase is
expected to be an equilibrium phase81, but the 6' phase is only
thought to be a metastable phase. However, Guard et al.81
admit that the 6' phase may indeed be an equilibrium phase,
but felt that more work was necessary to determine this. The
hexagonal e phase of NbN is closely related to the 6' phase,
and is thought to be an equilibrium phase. However, the
presence of the E phase can be ruled out in this case for two
reasons; 1) the most intense peak of the e phase, (101), is
always absent, and 2) a higher angle peak corresponding to
either the 6'(201) or the e(202) is often observed, but
because no e(101) is observed, this must be due to the
6'(201). Despite the fact that the 6 phase appears to be
present in small amounts, the Tc's of these films are very
low, about 9 K or less. Even if the Tc were improved, the
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presence of the nonsuperconducting phases must be avoided if
the films are to be used in high-frequency superconducting
devices1 .
The substrate heating did result in an increase in the
grain size, as indicated by the sharper X-ray diffraction
peaks. This is also revealed by a bright-field TEM micrograph
of a film deposited with argon at 600 eV, 100 mA with 4 sccm
N2 added, shown in Fig. 7.9. The grain size is comparable to
that of the Nb films grown on heated substrates, shown in Fig.
6.5. This film is observed to be almost entirely 6' phase, as
indicated by X-ray diffraction and electron diffraction. The
SAD pattern is included in Fig. 7.9. Although a grain size
increase is expected to be advantageous,50 this would only be
true if the film remained single phase, cubic 6 NbN.
Other studies of NbN growth using magnetron or diode
reactive sputtering50'8 have shown that increasing the
substrate temperature results in an increase in the Tc,
although there have also been studies in which heating
resulted in the formation of second phases. Cukauskas et
al.16 observed that when heating during growth, the addition
of carbon was necessary to stabilize the growth of single-
phase, cubic NbN. Therefore, in the studies in which
substrate heating improved the film properties, there may have
been enough impurities present to stabilize the cubic phase.
This idea has been put forward by others as well". In
addition, growth conditions in which energetic bombardment is
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Figure 7.9 (a) Bright-field TEM micrograph of a NbN film
deposited on heated (<6000C) SiO2 using 600 eV, 100 mA Ar+ with
4 sccm N2 added, and (b) SAD pattern, revealing the presence
of -pure 6' phase.
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present may also enhance the formation of these second phases
when increasing the substrate temperature. Because the films
grown in this study (under UHV conditions) without substrate
heating appear to be 100% cubic 6 phase in most cases, it is
clear that impurities are not required to form this phase;
however, they may prove necessary for optimizing film
properties, and maintaining the 6 phase when the substrate is
heated.
DEPOSITION ON SINGLE CRYSTAL MgO SUBSTRATES, WITH SUBSTRATE
HEATING
All films deposited on heated, single crystal MgO (100)
were observed to be single-phase, 6 NbN. These films were
grown side-by-side with the films on SiO2 substrates. All
films deposited on MgO are textured, with the (200) peak
oriented with respect to the substrate, as shown in the X-ray
diffraction pattern in Fig. 7.10. Note that the (200) peak is
much narrower than that observed with the films grown on
unheated MgO (Fig. 7.7), indicative of the (expected) larger
grain size.
When sputtering with xenon at 1200 eV, 50 mA with 4.5 sccm
N2 added, the film obtained had a Tc of 13.23 K, a P20K of 100
Mf-cm, and a composition of NbNo.8
. 
When depositing with argon
at 1200 eV, 100 mA with 4.5 sccm N2 added, the film had a Tc of
11.7 K, a P20K of 133 Of-cm, and a composition of NbN0.71.
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Figure 7.10 X-ray diffraction pattern of NbN deposited on
heated (56000C) MgO, using 1200 eV, 50 mA Xe÷ with 3.0 sccm N2added. (The sample has been mounted in the diffractometer
slightly off-axis to lower the intensity of the MgO substrate
peak.)
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Because the deposition conditions may not be fully optimized,
it cannot be said with certainty that sputtering with Xe is
essential for the increased N content, leading to a higher TC
in this case. It can be said with certainty that the use of
MgO substrates enhances the growth of the 6 phase at the
expense of other equilibrium phases, as desired.
Although the use of heating during growth on MgO
substrates results in an improvement in film properties, it
would appear that the increase in grain size obtained by
heating, and the presence of only the cubic phase, are still
not sufficient for optimizing the TC. It appears that the
nitrogen content of the film needs to be increased. When
heating during growth, much more nitrogen must be added to
bring the film composition towards stoichiometry and maximize
the TC than when the substrate is not heated. This could be
caused by a decrease in the sticking coefficient of nitrogen
to the heated film (which would be expected22). Therefore, the
more reactive nitrogen sputtered from the target may be even
more important in this case, compared to the incident N2
molecules.
7.3.3 AUXILIARY PLASMA BOMBARDMENT AT THE SUBSTRATE
To investigate the effects that plasma bombardment may
have on the film properties, a separate plasma source has been
utilized to surround the substrate during growth. The plasma
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source used is a triode-magnetron source, as described in
Chapter 2, and shown in Fig 2.3. Films have been deposited
using either argon or xenon in both the ion-source and the
substrate plasma. Nitrogen has been added to the substrate
region in all cases. A more detailed account of these
experiments is presented in Ref. 163, and so the results will
be described only briefly here.
When sputtering with an argon ion-beam of 1200 eV and 160
mA, the substrate plasma has been operated with a 60 V, 2 A
discharge. This is as low a plasma current as can be
sustained without extinguishing the plasma. The ion current
density bombarding the substrate has been measured to be about
25 mA/cm2. With the deposition rate only about 0.3 A/s, this
amounts to a bombardment rate of about 830 ions per depositing
Nb atom. The energy of the bombarding ions was measured using
the retarding field energy analyzer described in Chapter 2,
and the average energy was found to be about 45 eV. This
amount of bombardment is much more than that obtained at the
substrate in typical magnetron or diode sputtering systems,
but this was the lowest amount of ion bombardment obtainable
with this setup. The substrate temperature, measured using a
platinum resistor bonded to the substrate with a quartz paste,
was found to be nearly 3000C with the plasma on.
Using xenon gas, the ion-beam was operated at 1200 eV, 80
mA, and the substrate plasma discharge parameters were 40 V, 2
A. The low ionization potential of xenon allows the discharge
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to be sustained with a lower voltage. The average ion energy
was measured to be about 25 eV in this case. However, the
total amount of bombardment is still very large; an ion
current density at the substrate of about 13 mA/cm2, and a
deposition rate of about 0.16 A/s, results in a bombardment of
about 900 ions per Nb atom. The substrate temperature is
about 2000C in this case.
Niobium nitride films deposited with an argon plasma at
the substrate were found to contain the hexagonal 6' phase,
whether deposited on SiO2 or on Mgo substrates. The X-ray
diffraction patterns indicate that these films are single
phase 6' NbN, as shown in Fig. 7.11. Some films showed
partial drops in the film resistivity which would indicate the
presence of some 6 phase, although this could not be seen by
X-ray diffraction. By increasing the substrate plasma current
to 3.5 Amps, a film which appeared to be all 6' phase was
obtained, which had no superconducting onset above 4.2 K.
This film was metallic in nature, with a resistivity of 171
/n-cm at room temperature, and 156 AO-cm at 20 K. Therefore,
we believe that the 6' phase is non-superconducting above 4.2
K, and metallic. This is the first report the electrical
properties of the 6' phase, and the first time that the 6'
phase has been obtained as a single-phase thin film13 . (Oya
and Onodera155 obtained films having some 6' phase, and were of
the opinion that this was a non-superconducting phase.)
Although this phase is thought to be metastable, the common
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Figure 7.11 X-ray diffraction pattern of NbN deposited with an
argon plasma discharge at the substrate. The material is
found to be -all 6' phase.
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occurrence of the 6' phase in this study indicates that it may
indeed be a stable phase. The only difference observed when
depositing on MgO is a change in the film orientation, but the
film still appeared to be 100% 6' phase.
When depositing with xenon gas (in the ion-source and in
the substrate plasma), a mixture of the 6 phase and 6' phase
was obtained on Sioz substrates, although the material was
mostly 6' phase, and had a low Tc. However, on MgO substrates
only (200) oriented 6 phase was observed, having a Tc of 12.1
K. This Tc is nearly equivalent to that obtained with no
substrate plasma.
The most logical explanation of why the cubic 6 phase
could grow on MgO with the xenon plasma and not with the argon
plasma is the differing plasma ion energies. It appears that
the ion bombardment inhibits the growth of the 6 phase,
favoring growth of the 6' phase. This is consistent with the
earlier finding that increasing the substrate temperature
resulted in the growth of phases other than the 6 phase. The
energy input of either this substrate plasma or of substrate
heating is apparently necessary in order to move towards
equilibrium conditions. Because the plasma bombardment in
this situation is much more intense than typically observed
during magnetron or diode sputtering, the idea that a small
amount of plasma bombardment may be beneficial during the
growth of superconducting NbN cannot be ruled out, but it is
clear that an excessive flux of medium energy bombardment
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would need to be avoided.
7.3.4 EFFECTS OF CARBON ADDITION DURING GROWTH
It is clear from other studies that the addition of carbon
during growth of NbN (to produce NbN-IxCx films) leads to an
increase in the superconducting transition temperature.
Because the cubic phase of NbC is the thermodynamic
equilibrium phase1", the addition of carbon is believed to be
important for stabilizing the growth of cubic NbN. The
addition of carbon has been found to increase the maximum
obtainable Tc to about 18 K (Ref. 157), although NbC itself
has a Tc of only about 11 K (Ref. 157).
Therefore, the effect of carbon addition on the NbN film
properties has been investigated. Carbon has been added
during growth by physically mounting a 3" diam pyrolytic
graphite target directly on top of the 8" Nb target, but off
to one side. The ion-beam then still sputters mostly Nb, but
roughly 15% of the beam is incident on the carbon target.
Because the sputtering yield of C is slightly less than that
of Nb (Ref. 165), the percent carbon in the film would be
expected to be on the order of 10%. Films have been deposited
on SiO2 and MgO substrates, with the substrates either at
ambient temperature or with the substrate heater block at
~6000C during growth. [Other researchers have added C during
growth using reactive gases such as methane, but this serves
262
to complicate the reaction processes, and would not be as
useful for direct comparison with the films grown without
carbon.]
When depositing with xenon gas (1200 eV, 50 mA) on
unheated Si02 substrates, the addition of the carbon appeared
to have no effect on film properties. With 1 sccm N2 added,
the Tc obtained was 11.0 K, and P20K was 186 p0-cm; this is
nearly identical to the values shown previously in Figs. 7.1
and 7.2, when depositing without carbon. The X-ray
diffraction peaks were again very broad, similar to the
diffraction patterns shown in Fig. 7.3. The composition of
this film was NbNo.7 C0.17. Under these same growth conditions,
deposition on MgO resulted in a film having a Tc of 13.66 K, a
P20K of 133 p0-cm, and a composition of NbN0.81C0 18.. As has been
observed in all cases, the films on MgO are oriented with
respect to the substrate so that only the (200) peak is
observed in the X-ray diffraction pattern. Although these
properties compare favorably with those of films grown on MgO
with substrate heating, the diffraction peak width is much
broader in this case.
When heating to ~6000C during growth, films deposited on
both SiO2 and MgO were found to have excellent properties.
Using a xenon ion beam of 1200 eV, 50 mA and 4.5 sccm N2
added, a film deposited on SiO2 had a T. of 14.0 K, a P20K of
110 pf-cm, and a composition of NbNOCCO.22. A bright-field TEM
micrograph and an X-ray diffraction pattern are shown in Fig.
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7.12. The X-ray peaks are fairly sharp in this case,
indicative of the larger grain size expected when heating the
substrate during growth, although the TEM micrograph reveals
that the grain size is still rather small. This is the only
case in which films grown on SiO 2 with substrate heating
remained single-phase 6 NbN, and verifies the fact that carbon
does indeed stabilize the growth of the cubic 6 phase. When
depositing on MqO, the film properties are even better, with a
T_ of 15.02 K, and a 0 20K of 66 uln-cm obtained. These
properties are the best ever reported for ion-beam reactively
sputtered NbN,_l..X films. The composition of this film is
NbNo.7Co.22. This low resistivity is comparable to the best
NbN1,xCx deposited using any methodM, and would make it very
attractive for use in device applications. The resistivity of
the film grown on SiO2 is also lower than that typically
obtained using magnetron or diode sputtering.
7.3.5 EFFECTS OF POST-DEPOSITION RAPID THERMAL ANNEALING
Although not related to the deposition process, the
effects of rapid thermal annealing (RTA) on the film
properties are of interest with regard to the issue of phase
stability. The properties of reactively sputtered TiN films
are known to improve upon rapid thermal annealing in
nitrogen1 , presumably due to nitrogen incorporation and
stress relief. However, the cubic TiN phase obtained during
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Figure 7.12 (a) Bright-field TEM micrograph and (b) X-ray
diffraction pattern of a film deposited on heated SiO2 with
carbon added during deposition. The film was deposited using
1200 eV Xe+ with 4.5 sccm N2 added.
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reactive sputtering is the thermodynamic equilibrium phase,
unlike that of cubic NbN. There are reports162'167 that thermal
treatments improve the properties of superconducting NbN. An
AG Associates RTA was used in these experiments, which uses a
quartz lamp to produce sample heating. The experiments were
performed in flowing nitrogen gas, and an annealing cycle of
4000C for 10 s, followed by ramping to 8000C and holding for 20
s, was typically used.
It was observed that for all films deposited on SiO.
(without carbon), the RTA treatment caused growth of the
nonsuperconducting 6' phase. The films deposited at ambient
temperature, which were originally all 6 phase, transformed
almost completely to the 6' phase. The grain size of some of
these films increased by more than ten times after the RTA
treatment. A bright-field TEM micrograph of a film deposited
without substrate heating, with argon gas, after an 8000C RTA
is shown in Fig. 7.13. Notice the large grain size (-1000 A);
before the RTA treatment, the film appeared identical to that
shown in Fig. 7.4, having only -50 A grains. It appears that
many of the original grains did not transform to the 6' phase,
as evidenced by the small grains which appear to be inclusions
within the large grains. Upon rapid thermal annealing, films
which were deposited on heated SiO2 substrates had very little
grain growth occur. Films deposited on SiO 2 which were heated
during growth with carbon added appeared to have no more than
a few percent of the 6' phase present after the RTA treatment,
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Figure 7.13 Bright-field TEM micrograph of a NbN film after an
800 0C, 10 s RTA treatment. The film was originally deposited
using argon (1200 eV, 84 mA) on unheated SiO2, with a grain
size identical to that shown in Fig. 7.4.
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based on X-ray peak intensities.
Only a few films deposited on MgO were subjected to RTA
treatments. A film deposited on MgO, unheated, with argon gas
remained single-phase 6 NbN, and the Tc increased from 12.17 K
to 13.5 K. A film deposited on unheated MgO using xenon gas
partially transformed to the 6' phase; however, this film was
obviously under high stress, since the film had peeled from
the substrate in places.
A magnetron sputtered NbN film, which had a Tc of about
15.5 K and was known to have almost no stress49, was put
through this same RTA treatment. This film remained single-
phase 6 NbN, although the Tc did decrease to about 11 K.
Bright field TEM micrographs of this film before and after the
RTA treatment are shown in Fig. 7.14. Note that the grain
size may have doubled, but that is nowhere near the 20 fold
increase in grain size observed in the rapid thermal annealed
ion-beam sputtered film deposited at ambient temperature.
Because NbN is a refractory material, with a melting
point112 of about 20500C, very little grain growth would be
expected upon rapid thermal annealing at 8000C for 20 seconds.
This is verified by the limited grain growth which occurred in
the film that was magnetron sputtered. The rapid grain growth
in the unheated ion-beam sputtered films on SiO2 could be
enhanced by: 1) the large amount of stress (strain energy) in
these films; 2) the very small grain size (large amount of
grain-boundary area); and 3) the energy release due to the
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Figure 7.14 Bright-field TEM micrograph of a dc magnetron
sputtered film, (a) before, and (b) after, an RTA at 8000C
for 20 s.
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phase change. This grain growth process may be analogous to
the "explosive recrystallization" observed upon annealing thin
film multilayers,'1 in that the heating induces large amounts
of energy release which sustains the grain growth.
The results presented in this section are in agreement
with the results reported in the previous sections, namely
that deposition with carbon or deposition on MgO tends to
stabilize the cubic 6 phase. The fact that the magnetron
sputtered film did not transform to the 6' phase indicates
that either it has sufficient C (or possibly 0) to stabilize
the cubic phase, or that pure cubic NbN, without any stress,
is stable enough to withstand this annealing treatment.
7.3.6 SUMMARY
The effects of altering the growth environment at the
substrate have been presented in this section, in an attempt
to optimize the superconducting transition temperature during
ion-beam reactive sputtering. A summary of the film
properties obtained under the various growth conditions are
presented in table 7.1.
It is observed that under the typical sputtering
conditions, the cubic 6 phase forms, although the TC is low
(-12 K), and the films are N deficient. This phase may form
because it is the highest temperature phase; high temperature
phases are often found to be the first phases to form in
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TABLE 7.1 Summary of the properties of NbN films deposited
under various conditions. The ion beam energy was 1200 eV in
all cases. The film composition was measured using AES.
"Oriented" indicates that -all grains in the NbN film are
oriented with their (100) parallel to the (100) of the MgO
substrate. The temperature given is the critical temperature
Tc (K), and the resistivity is at 20 K, P20K (nfl-cm).
Xenon Argon
SiO2  MgO SiO2  MgO
NbN.81 NbN.8
Typical 6 phase 6 oriented 6 phase 6 oriented
deposition TC = 11.78 K 12.0 K 11.0 K 12.17 K
conditions p = 192 p = 211 p = 157
NbN 78  NbN NbN NbN 7Heat to 6', 6 6 oriented #, 6, 6' 6 oriented
<6000C Tc = 9.04 K 13.23 K 5.75 K 11.7 K
p = 93 p = 100 p = 18 5 p = 133
NbN.7C. 17  NbN 18
Add carbon, 6 phase 6 oriented 6 phase 6 oriented
no heating Tc = 11.0 K 13.66 K 9.47 K 10.45 K
p = 186 p = 13 3 p = 171 p = 130
NbN.7C. 22  NbN. C.22  NbN. 69C.2 7
Add carbon, 6 phase 6 oriented 6 phase 6 oriented
heat to Tc = 14.0 K 15.02 K 12.57 K 14.89 K
<6000 C p = 111 p = 61 p = 128 p = 78
Use of 6', 6 6 oriented 6' phase 6' phase
substrate TC = 7.86 K 12.10 K < 4.2 K 5.16 K
plasma p = 344 p = 156 p = 239
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rapid-quenching situations, which is analogous to that of thin
film deposition." Additional energy input at the substrate,
by heating or plasma bombardment, results in the growth of
other, presumably equilibrium, nonsuperconducting phases. The
hexagonal 6' phase, thought to be a metastable phase, is often
observed in this study, and may actually be an equilibrium
phase. If so, the Nb-N phase diagram needs to be re-
evaluated.
When heating the substrate during deposition, both the
addition of carbon during growth and the use of MgO substrates
stabilizes the growth of the cubic phase, and produces
improved film properties. The film properties are optimized
when all the factors found to enhance film properties are
combined: growth on heated MQO with carbon addition. A film
grown in this manner had a Tc of 15.02 K, and a 20 K
resistivity of 66 pf-cm. These are the highest TC and lowest
resistivity ever reported for ion-beam sputtered films.
Differences in the properties of films deposited on SiO2
versus MgO using xenon gas are due at least in part to
differences in the film composition. Differences in the
properties of films deposited using argon versus xenon again
appear to be due at least in part to compositional
differences, although the differing bombardment conditions are
also expected to play a role.
The origin of these differences in film properties when
using different deposition conditions is revealed to some
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degree by plotting the Tc versus P2o,K for these films. This is
shown in Fig. 7.15, along with the results from other NbN
films which were damaged after growth using ion implantation,
as presented by Juang et al.160. By ion-bombarding a single
crystal thin film and polycrystalline thin films, Juang et
al.60 determined that films which fall along the solid line in
the figure have a Tc and p dependent mainly on the order (or
disorder) within grains, while films falling above the line
have resistivities dependent on grain boundary properties as
well. In the limit of high damage (of a film having the
superconducting phase and sufficient N), the To appears to
saturate at -12 K.
By examining the location of the ion-beam sputtered films
on this diagram, it appears that all films deposited with
either substrate heating and carbon or on MgO substrates have
Tc's and resistivities limited by conditions within the grains
(the effects of disorder, or possibly effects of N
composition). The films grown on SiOz without heating appear
to have a depressed Tc caused by excessive damage, and a
resistivity limited by microstructural effects (grain boundary
properties). From the results presented in this chapter, it
is clear that films deposited on unheated SiO2 do have a
different microstructure than films deposited with heating and
carbon added or on MgO.
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Figure 7.15 Plot of the Tc versus resistivity (at low
temperature, above Tc) of these ion-beam sputtered films.
Also shown are the T. and resistivity of NbN films which were
ion bombarded after deposition, showing the effects of damage
on film properties (from Juang et al). The line indicates the
intrinsic relation between Tc and p, barring grain boundary
(or other microstructural) effects.
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7.4 CONCLUSIONS
In the first section of this Chapter, the effects of the
sputtering parameters on the NbN film properties were
examined. It was found that some aspect of the deposition
process made it impossible to obtain films with Tc's
comparable to those obtained by magnetron sputtering. These
films are also nitrogen deficient, although their composition
appears to be comparable to magnetron sputtered films having a
Tc of 15 K. The energetic deposition conditions appear to be
responsible for producing the large amount of film stress and
the very small grain sizes, and the possible disorder caused
by the bombardment would be expected to limit the Tc to values
around 12 K.
In an attempt to reduce the film disorder and stress, and
move the composition towards the stoichiometric value, other
means of altering the film growth conditions were
investigated. It was found that additional energy input at
the substrate, by heating or by plasma bombardment, tended to
favor growth of nonsuperconducting phases. When heating
during deposition, the use of MgO substrates or the addition
of carbon dopant was necessary for growth of the cubic 5
phase. Under these conditions, the Tc increased
significantly, and the resistivity decreased. A film
deposited with xenon sputtering gas on heated MgO with carbon
addition was found to have the best properties ever reported
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for an ion-beam sputtered film; a Tc of 15.02 K, and a P20K of
66 An-cm. The results of post-deposition rapid thermal
annealing also support the finding that growth on MgO or with
C impurities tends to stabilize the cubic 6 phase.
Because the cubic 6 phase is only thermodynamically stable
above 13000C, it would appear that any treatment leading to an
increased grain size would also tend to result in the
formation of equilibrium phases. Therefore, stabilizing
elements such as lattice matched substrates, or C or O
impurities, may be necessary to obtain the highest quality
superconducting NbN. The results of other researchers
supports this idea also, although this does not rule out the
possibility of obtaining high quality films by the use of
optimum bombardment and reaction conditions, without
impurities or lattice matched substrates. The fact that
substrate heating during growth was necessary for optimizing
the film properties indicates that control of the
microstructure is necessary in order to optimize the film
properties, besides simply controlling the composition and
phase.
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CHAPTER 8
CONCLUSIONS
8.1 REACTIVE SPUTTERING AND REACTION PROCESS
From the results obtained in the analysis of the target
reactive coverage presented in Chapter 4 using ISS and SIMS,
and the fit of the measured deposition rate and N2 pressure
dependence on N2 flow using the complete reactive sputtering
model as given in Chapter 5, the processes occurring during
reactive sputtering are revealed. We have found that the ion-
beam reactive sputtering process can be accurately modeled by
assuming that 1) the dominant reaction at the target occurs
between the Nb and neutral N2 molecules, and 2) the dominant
reactions at the substrate are between the Nb and both N2
molecules and sputtered nitrogen (of some form) from the
reacted target. The reaction rate of the Nb with the N2
molecules is limited by the N2 arrival rate and sticking
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probability, up to some saturation level.
During ion-beam reactive sputtering, the process can be
described as follows. Initially, consider that Nb is being
sputtered in pure argon. Because of the sputtering system
geometry, the area upon which the film deposits is -10 times
the area of the target being sputtered. The average rate of
Nb arrival at any point on the wall deposit will then be -10
times less than the Nb removal rate from a point on the
target. Upon introducing N2, reactions occur with the growing
film and target; however, the large area of the depositing
film results in most of the nitrogen reacting with the film.
The fact that most of the nitrogen initially added reacts
indicates that the neutral N2 molecule must be the specie
reacting with the film.
As the nitrogen flow is increased further, the pumping
capacity of the walls begins to approach saturation as the N2
flux to the walls nears the Nb flux. Because the deposition
rate at the walls is -10 times less than the etch rate of the
target, the wall deposit may be 50% reacted while the target
is only 5% reacted, assuming equal sticking coefficients of
N2. Appreciable target coverage then begins only after the
film reaction with N2 molecules has nearly saturated. The
target reaction will saturate only when the incorporation rate
of nitrogen becomes larger than that of the sputter removal
rate. From the measured dependence of the target coverage
with nitrogen pressure, it is clear that neutral N2 molecules
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are the species controlling this reaction, and that the
reaction saturates with nearly complete nitrogen coverage of
the target. The nitrogen molecule can readily react in this
case only because it has a large sticking coefficient to the
Nb; the target reaction rate is limited by the nitrogen
arrival and sticking. The ion-bombardment of the target seems
to be enhancing this reaction between the chemisorbed nitrogen
and the Nb. The depositing film will react with neutral N2
to some saturation level before the target does only because
of the geometric aspects of the sputtering system, and not
because the depositing film is inherently more reactive.
Because the neutral molecules are so reactive, the
presence of nitrogen ions in the sputtering plasma will not
significantly alter the general nature of the overall process;
also, the nitrogen ion flux will generally only be a few
percent of the nitrogen thermal flux. Since the sputtering
gas consists mostly of argon, there will be more argon ions
sputtering than nitrogen ions, and so the flux of nitrogen
ions themselves would not be enough to fully react the target
unless the sputtering gas was nearly all nitrogen.
From the description of the model, the film is expected to
be nearly stoichiometric NbN near the N2 flow required to
reach the onset of appreciable target reaction. However, the
measured film composition shows that the films are only ~NbNo.55
at this point, and the film composition saturates only after
the target has reacted. This indicates that the reaction
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between the thermal N2 and the growing film is not entirely
flux limited, but is also limited by some kinetic aspect of
the reaction. Sputtering from the reacted target is then
necessary to bring the film nearer to stoichiometry because
the reacted target is a source of more reactive nitrogen
species (atoms, and/or energetic molecules). (In other
materials systems which are more reactive, the reaction
between the film and neutral reactive gas may be sufficient to
form a stoichiometric compound; ie, Al + 02)0
This general description of the reaction process will be
valid for all materials systems in which chemisorption of the
reactive gas specie occurs. Because typically only a few
percent of the gas species are ionized in magnetron or diode
systems, the neutral reactive specie (N2 in this case) should
dominate, and the process is expected to occur as described
here. By knowing how the reactions control the process, it is
possible to design experimental set-ups which take advantage
of certain aspects of the process which may be desirable, or
to eliminate those which are undesirable.
8.2 SPUTTERING PROCESS AND FILM GROWTH
From the analysis of the sputtered species, the energy of
most sputtered species is fairly low (-15 eV), and insensitive
to changes in incident ion energy or sputtering gas. The
energy of argon ions reflected from the target were observed
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to be very high (-100's of eV), and the energy scales linearly
with the incident ion energy. When sputtering with xenon,
these energetic reflected ions are not observed. The amount
of high energy bombardment by reflected atoms relates directly
to the Nb film properties; the superconducting critical
temperature TC is maximized when the bombardment by reflected
atoms is minimized.
When depositing NbN films, the effects of the sputtering
conditions on film properties are more complicated. When
reactive sputtering on unheated substrates under conditions of
minimal bombardment by reflected atoms, the Tc is maximized as
expected. However, the Tc of NbN films grown on SiO 2 without
substrate heating is never greater than 11.8 K. This could be
due to the very fine grain size of the films, or possibly due
to some level of damage (possibly disorder), both a result of
the energetic nature of this deposition process.
When heating the films during growth (which is often found
to improve the superconducting properties), the grain size
increases but nonsuperconducting phases form. Similarly,
post-deposition rapid thermal annealing (RTA) in N2 results in
rapid grain growth and phase transformations to
nonsuperconducting phases. The 6' hexagonal phase is
predominantly obtained after the thermal treatments, and
appears to be an equilibrium phase, although this phase is not
included in the equilibrium phase diagram.
The problem of phase stability of cubic superconducting
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NbN occurs because this phase is only thermodynamically stable
above 13000C. Attempts to stabilize the growth of the cubic
phase under deposition conditions which produce larger grain
sized films are often successfully done by doping NbN with
either C (on N sites) or Ti (on Nb sites), or by deposition on
-lattice matched single crystal substrates such as MgO. We
have found that deposition on MgO substrates does increase the
Tc of the NbN films, but the Tc is highest when the substrate
is heated. When adding carbon during reactive sputtering, the
Tc is also enhanced, but only when substrates are heated or
when MgO is also used. The maximum Tc (15.02 K) and lowest
resistivity P20K (66 pC-cm) are obtained when depositing on
heated MgO with carbon added.
The fact that the addition of carbon alone does not affect
the Tc or P20K unless the substrate is heated seems to indicate
that the microstructure is controlling the film properties for
the most part, as opposed to the composition or lack of the
proper phase.
The understanding of the reactive sputtering process
furthered by this study should prove useful for others
attempting to gain control over film properties when reactive
sputtering.
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RECOMMENDATIONS FOR FUTURE WORK
The effect of lowering the incident ion beam energy (to
200-300 eV) on film properties needs to be investigated. This
would determine whether minimizing the bombardment improves
the NbN (or NbNC) film properties (mainly Tc), as is expected
from this work. Using other types of ion sources would allow
this to be done.
The reaction process at the depositing film also needs to
be investigated in more detail. The nitrogen coverage of the
depositing film can be monitored using ISS. Based on the
results of the target coverage, it is my belief that the
depositing film is covered with an adsorbed nitrogen layer
during growth, which may hinder the film growth process in
some way.
Because it is difficult to produce NbN films having
compositions close to stoichiometry, the effects of different
reactive species at the substrate on the film properties
should be investigated in more detail. For example, one could
try to minimize the N2 molecular flux at the substrate so that
only sputtered nitrogen partakes in the film reaction. Also,
using an efficient plasma source would allow activated
nitrogen species to dominate. The reactivity of these
different reactive species at the substrate is also one of the
main issues presently investigated regarding the growth of the
high Tc superconductors.
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APPENDIX A
VACUUM SYSTEM PERFORMANCE AND DESIGN.
A.1. SYSTEM PUMPING SPEED
The variation of chamber pressure Pch with gas flow Q is
shown in figure A.1 for argon, xenon, and nitrogen gases. The
pressure is measured using an ion gauge, and has been
converted from the nitrogen equivalent pressure by multiplying
the measured pressure by 0.833 for argon, and by 0.417 for
xeno129. The effective pumping speed Se is given by69
Se = Q/(P-Putt) I (A.1)
where Putt is the ultimate attainable pressure. Because Putt is
negligible in this case, the slope of the curves in figure A.1
equals SeI', which is nearly constant in this range. From a
least squares fit, an average slope is obtained. The pumping
speeds are then found to be 620 liters/second for argon, 350
1/s for xenon, and 980 1/s for nitrogen. (To obtain the
appropriate units, the conversion 1.0 sccm = 0.0127 torr*l/s
was used in this calculation.)
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Figure A.1. Chamber pressure versus gas flow for xenon, argon,
and nitrogen gases.
The rated speeds for this pump70 (Cryo-torr 8, CTI
Cryogenics cryopump) are 1200 1/s and 1500 1/s for Ar and N2,
respectively. In this particular vacuum chamber, however,
there is an extension tube and a baffle between the chamber
and pump. The conductance of this element Ct lowers the
pumping speed, giving an effective pumping speed
Se = 1/(i/Sp + 1/Ct) 1/s. (A.2)
So, a lower effective pump speed than the rated value is
expected. Because a cryopump's pumping speed (of
condensibles) is directly proportional to the velocity of the
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gas pumped,171 the heavy gases should have the lowest pumping
speed (this is in the molecular flow regime). This explains
the variation of pump speeds for these three gases.
A.2. MAXIMUM CHAMBER PRESSURE ALLOWED WHEN OPENING CRYOPUMP
TO THE SYSTEM
150 Torr-liters is the maximum gas burst that this pump
can be exposed to3, due to the heat load of the condensing
gases. The vacuum chamber comprises a volume of about 220
liters (about 24" diam and 30" height). Therefore, the system
must be roughed to at least (150 T*1)/(220 1), or less than or
equal to 680 mTorr, before the high vacuum valve is opened.
A.3. ION SOURCE PRESSURE DURING OPERATION
During system operation, sputtering gas is added at the
ion source, and enters the chamber by passing through the two
ion source grids (refer to Fig. 2.1). Each grid is composed
of an array of 1405 holes, with each hole having a diameter of
1 mm, arranged within a 5 cm diameter circle. The top (beam)
grid G1 is approximately 0.5 mm thick, while the second
(accelerator) grid G2 is 1.5 mm thick. The two grids are
separated by a 1 mm gap. Therefore, each grid is effectively
an array of short tubes in parallel, and the two grids can be
assumed to be conductance elements in series with each other.
The conductance F through a short tube in the molecular
flow regime is given as'69
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F = KA(3.638) (T/M)0.5 l/s, (A.3)
where A is the cross sectional area of the tube in cm2, T is
the gas temperature in Kelvin, M is the mass of the gas in
g/mole, and K is a dimensionless function of L/a (the tube
length divided by its radius). Values for K, also called
Clausing's correction factor, are given for various values of
L/a in Dushman.169
Each tube, then, has a conductance of K*(0.0782) for argon
gas at 300 K. For G1, L/a is 1, and K = 0.672; for G2, L/a =
3, and K = 0.42. The total conductance of G1 =
1405*0.672*0.0782 = 73.8 l/s; and the total conductance of G2
= 1405*0.42*0.0782 = 46.1 1/s. The overall conductance,
assuming that each grid acts independently in series, is then
described as in equation A.2, giving an overall conductance Fo
of 28.4 1/s. (The most generous case, which would consider
the grids simply as one set of tubes of length 2 mm (K =
0.359), gives a conductance of 39.4 l/s.]
Now we consider adding gas to the source. It is "pumped"
out of the source at a speed of 28.4 l/s, and then pumped out
of the chamber at 620 1/s (for argon). Flowing 5 sccm (0.0635
Torr*l/s) of argon, the chamber pressure is almost Ixl10 4 Torr.
Using equation A.1, the ion source pressure Pis is given as
Qar/Fo + Pch; solving gives an ion source pressure of 2.33x10-3
Torr (23.3 times higher than the chamber pressure). At
2.33x10l 3 Torr, the mean-free-path for argon is about 2.1 cm,
much longer than the 1 mm hole diameter, and so the gas flow
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through the grids is in the molecular regime.
Using these same calculations, the conductance of the ion
source grids is 34 1/s for nitrogen flow (different from that
of argon because of the different T/M ratio). If nitrogen is
added into the ion source (1 sccm), the nitrogen pressure in
the source will be about 26 times higher than the nitrogen
pressure in the chamber. For example, the N2 pressure in the
chamber is 1.5x10-5 Torr with 1 sccm N2 added, regardless of
the entrance location. If the NZ is added directly to the
chamber, then the ion source N2 pressure will also be about
1.5x10-5 Torr, while the Ar pressure will be 2.33x10-3 Torr. If
the ratio of total ionization cross-sections for N2 and Ar is
taken to be 0.7 with a 45 eV discharge voltage145 , and we
assume that the gases do not interact (so that %N2, =
0.7-PN2/(0.7*PN2+PAr), only 0.45% of the beam would be N2+ ions.
Alternatively, if N2 were added in the ion source (1 sccm) the
beam would contain 10.5% N2 ions.
When sputtering with xenon gas at 2 sccm flow, the chamber
pressure is about 8x10-5 Torr. The mass of Xe is 131.3 g/mol,
and so the calculated conductance through the ion source grids
is only 15.7 1/s in this case. So, the ion source pressure is
then 1.7x10"3 Torr, 21 times higher than the chamber Xe
pressure. [The pressure differentials of the N2, Ar, and Xe
gases (in the ion source compared to in the chamber) should
end up being the same, if the pumping speed of the cryopump
varied directly with the gas velocity as it should. However,
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the pumping speed of N2 appears relatively high, for reasons
which are not clear.]
A.4. DESIGN OF THE CONDUCTANCE LIMITING ASSEMBLY FOR THE
AUXILIARY SUBSTRATE PLASMA (L.M. SIMARD TRIODE MAGNETRON
SOURCE)
Operation of this plasma source (refer to Fig. 2.3)
requires a minimum pressure of about 2x10"3 Torr. Because it
is necessary to keep the plasma from extending to the target
region, and is desired to minimize the pressure rise in the
chamber, a conductance limiting element is needed to isolate
the substrate region. Because the sputtered flux must enter
through this element, the opening should be made as large as
possible.
In order to keep the pressure in the chamber below 5x10-4
Torr, the argon flow through the substrate region (with 5 sccm
Ar in the ion source) must be kept below 20 sccm. Using
equation A.1, a conductance of 170 1/s will meet the minimum
requirements. However, the plasma potential is lower when
operating at a higher pressure. A conductance of 30 1/s will
result in a pressure of 4.4x10 "3 Torr in the substrate region
with only 10 sccm of argon. Because the attachment of the
conductance limiting assembly to the plasma source is not
leaktight, the actual conductance out from the plasma region
will be larger than the designed value. Hence, 30 1/s is
chosen as the design value. From equation A.3 and the table
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of K values in Dushman,169 various tube sizes can be found to
fit the required conductance; a 3 cm diameter, 4 cm long tube
has been chosen which has a calculated conductance of 31.7
i/s. The actual flow through this tube is not completely
molecular at 4.4x10-3 Torr, but equation A.3 should still be
good to within 5% for this case.169
(Operation of the plasma without the conductance limiting
tube enables the determination of the I - V characteristics of
the plasma as a function of pressure. Then, using the
conductance limiting tube and matching the I - V
characteristics, the pressure in the plasma region can be
deduced. Using this procedure, the actual conductance of the
assembly was estimated to be 80 1/s (greater than 30 1/s due
to gas leakage around the sides.)]
A.5. DESIGN OF HOLE SIZE IN THE DIFFERENTIALLY PUMPED
HOUSING OF THE ENERGY / MASS ANALYZER
In order to keep the pressure low in the VG CMX500/SXP600
energy and mass analyzer (refer to Fig. 2.5), and to shield it
from stray ions, a differentially pumped housing surrounding
the analyzer was necessary, having a small entrance hole
pointing towards the sputtering target. In this region, the
gas flow will be molecular, so equation A.3 again applies for
the conductance calculations.
To pump the analyzer housing, a Balzers TPU050
turbomolecular pump was used, backed with an appropriate
297
mechanical pump. The TPU050 is rated at 50 1/s pumping speed.
The pump joins the analyzer through a bent (45 degrees) tube,
having an inner diameter of 6.3 cm, and an length of roughly
13 cm. Assuming this tube to be straight, this has a
conductance of 109 1/s (L/a = 4.12, K = 0.35 using equation
A.3). Then, the effective pumping speed is not greater than
34 1/s (using equation A.2). Choosing 1x10 "7 Torr as the
design pressure in the analyzer housing (Pan), the allowed gas
flow into the housing is found from equation A.1, with Putt
negligible. The flow into the analyzer is then found to be
3.4x10-6 Torr*l/s, or 2.67x10 "4 sccm. With this flow, and a
chamber pressure of 1x10 4 Torr, the required conductance of
the hole is found using equation A.1. With P = 1x10 "4, Putt =
1x107 Torr, and Q = 3.4x10 "6 Torr*l/s, the required (maximum)
conductance is then 3.4x10-2 1/s. Because the effective
pumping speed of the turbo pump is expected to be lower than
calculated due to gas flow through the housing (around the
analyzer), a lower conductance was used as a design value.
For rigidity, the thickness of the housing at the hole
opening was chosen as 0.0794 cm (1/32"). A hole diameter of
0.0635 cm (0.05") results in a tube having a conductance of
1.46x10-2 1/s (L/a = 2.5, K = 0.462, equation A.3), and so was
chosen as an appropriate size.
[In actual use with this hole size, the analyzer pressure
is measured to be 3x10-7 Torr when the chamber is 1xl10 4 Torr,
indicating an effective pumping speed of only 4.9 1/s for the
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turbo. Because the analyzer may obstruct the gas flow, the
conductance of the housing area may be limiting the pump
speed.]
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APPENDIX B
CHARACTERIZATION OF THE ION-BEAM
SPUTTERING SYSTEM
B.1. ION-BEAM CURRENT DENSITY PROFILE AT THE TARGET:
In this sputtering system, the distance from the ion
source to the target is about 43 cm (17 inches). The initial
beam diameter is 5 cm, but the beam will spread during travel,
due to space-charge repulsion, and be broader by the time it
reaches the target. A Nb collimating shield (having a 3.5"
diam opening, about 7" from beam origin) is used to keep the
stray ions from sputtering beyond the target area. With the
original pyrolitic graphite grids supplied with the Ion Tech 5
cm source, only about half of the beam current reached the
target. Later, we acquired a new set of graphite grids which
focussed the beam (accomplished by a slight shifting of the
accelerator hole locations; see Kaufman17), so that a much
larger percent of the total current reached the target. All
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of the current density profiles shown in this section were
obtained using the focussing grids.
Due to the beam spreading, the beam should have a bell-
shaped current profile, and not the ideal square profile. The
ion current density (mA/cm2) or the ion flux (ions/cm 2sec)
profile can be measured quite easily using a Faraday cup
collector. We measured the profile under different conditions
using a collector mounted on a linear-motion feedthrough (with
a 4" range). The collector was mounted one inch above the
target, and has a collection area of 0.1 cm2. The collector
was normally biased about +10 V in order to attract emitted
secondary electrons.
This measured ion flux must be adjusted to obtain the
actual flux. Because the target normal is angled 30 degrees
from the beam, the measured value must be multiplied by
cos(30) (because the target area struck will be larger than
the collection area). Also, because of the large distance to
the target, a significant number of ions are neutralized by
symmetric charge exchange1 7 . The argon and xenon symmetric
charge exchange cross sections can be found in the
literature.123 The fraction of the beam that is not
neutralized by charge exchange (CE) is given as exp(-x/lce),
where x is the beam travel distance, and ice is the mean free
path for charge exchange at the given pressure and ion energy.
The measured ion flux is then divided by this value. In this
case, the net correction is about +15 percent when sputtering
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with argon, and +30 percent with xenon.
Beam profiles for sputtering with argon and xenon are
shown in Figures B.1 through B.4. Because of beam spreading
effects, the peak intensity does not scale proportionally to
the beam current, as seen in Figs. B.1 and B.2; the peak ion
flux nearly doubles as the current is increased by a factor of
1.5. Figure B.3 reveals how the distribution is affected by
changing both the beam voltage and accelerator voltage, when
sputtering with xenon. At the lower beam voltages, the
accelerator voltage needs to be increased to keep the ions
from sputtering the accelerator grid (monitored as a grid
current), and this results in unavoidable beam spreading. The
effect of the accelerator voltage on the beam profile is
clearly shown in Fig. B.4, when sputtering with 1200 eV, 84 mA
argon.
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Figure B.1 Ion current density across the beam, when
sputtering with 1200 eV Ar÷ with currents of 84 or 126 mA.
The accelerator voltage is 200 eV in each case.
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Figure B.2 Ion current density across the beam, when
sputtering with 1000 eV Ar+ with currents of 70 or 110 mA.
The accelerator voltage is 200 eV in each case.
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Figure B.3 Ion current density across the beam when
sputtering with Xe+ at a current of 72 mA, with beam Vb and
accelerator Va voltages of (Vb, Va): 1200, 200; 1000, 200; 800,
300; 600, 500; and 500, 600.
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Figure B.4 Ion current density across the beam, when
sputtering with 1200 eV Ar+ with a current of 84 mA. The
accelerator voltage was either 200 eV or 50 eV.
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B.2. ANGULAR DISTRIBUTION OF SPUTTERED Nb (or of DEPOSITION
RATE):
The deposition rate has been measured as a function of
angle from the target normal using a quartz crystal
microbalance mounted on an arm attached to a rotatable
feedthrough. The deposition rate is taken from the thickness
deposited in a given time interval. Results for sputtering
with the target normal at 30 degrees and 45 degrees from the
beam are shown in Figs. B.5 and B.6 when sputtering with argon
ion beams of 700 and 1400 eV. In these figures, the X-axis
indicates the target surface plane (at -900 and +900 on the
polar plot), and the Y-axis points in the direction of the
target normal (00). The deposition rate cannot be measured in
the angular region near the incoming beam (indicated by the
line on the left half of the figure) because the rate monitor
would partially block the beam.
Note that in all cases, the sputtered distribution peaks
near the reflection angle; the distribution is not centered
about the target normal, as is expected when sputtering at
normal incidence. This has also been seen by Gurmin2 when
sputtering tungsten using oblique incidence angles, with Kr÷
beam energies from 5 to 10 kV. This data and Gurmin's also
show that the peak of the distribution moves closer to the
target normal as the beam voltage is increased.
For the film growth experiments in this study, the
substrate is about 45 - 500 from the beam. A 300 target angle
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Figure B.5 Angular distribution of sputtered Nb,
beam incident at 300 from the target normal. The
energy is either 1400 eV (#) with 180 mA current,
(o) with 170 mA.
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Figure B.6 Angular distribution of sputtered Nb, with the ion
beam incident at 450 from the target normal. The ion beam
energy is either 1400 eV (#) with 195 mA current, or 700 eV
(o) with 190 mA.
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has been used for almost all depositions so that the
deposition rate maximum is closer to the substrate location
(although the coating uniformity may not be significantly
different with a 300 target angle). Some oblique incidence
angle is beneficial in that it keeps most of the deposited
material away from the ion source.
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APPENDIX C
CALCULATIONS
C.1. SPUTTER YIELD CALCULATION
The sputtering yield of the various beam ions on Nb is
needed for the reactive sputtering modeling. A limited amount
of sputtering yield data is available from the literature.
Two very good formulas describing the sputtering yield as a
function of the incident ion energy (at normal incidence to
the target, for any chosen collision pair) are those of
Bohdansky et al.1 and Yudin . These formulas are given here,
and the calculated sputtering yields are shown in the figures,
along with yields obtained from literature.
BOHDANSKY, ROTH, and BAY: the sputtering yield Y(E) as a
function of incident energy E is given as:
Y(E) = (6.4E-3)M2,n5/3. (E/Eth) /4(1-Eth/E) 7/2
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where the threshold energy for sputtering Eth equals
8-Uo-(M,/M2)2/5 for M1/M2 > 0.3, and equals Uo/(n (1-n)) for M,/M 2
< 0.3. The energy transfer coefficient n equals 4M1M2/(M1+M2)2I
U0 is the surface binding energy of the target atoms (which is
approximated by the heat of sublimation), MI is the projectile
atom mass and M2 is the target atom mass. This relation was
obtained empirically,. and is based on data in which M1/M2 < 1.
YUDIN: the sputtering yield Y(E) as a function of the
incident energy E is given as:
Y(E) = Ymx*2(E/Emx)1/2/(1+E/Emax)
where Ex is the energy at which the sputter yield is a
maximum (Yma). These are obtained through the following
expressions:
Emix = 0.3/F ;
F = E/E = (6.92E+6)-a-M2/[Z,1 Z2- (M,+M2)] (eV1);
a = (4.683E-9) (Z 2/3 +Z2 /3)-1/2 (cm);
Ymx = n(Z1 1 Z2) *N 'ra2/(F.Uo)
n(Z,,Z2) = n(Z 2) - (4.65E-12)- (Z1-18);
n(Z 2) = (1.3E-10).Z 21/ 2. [1+0.25-sin(2v (Z2 +Z)/Zo+i/2)];
if Z2 < 18, then Zo=8 and Z=0 ;
if Z2 > 18, then Zo=18 and Z=2
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In these expressions, N is the target atom surface
concentration, Mi and M2 are the projectile and target masses,
respectively, and the corresponding atomic numbers are given
by ZI and Z2. Uo is the sublimation energy or surface binding
energy of the target.
So, in both of these formulas, the binding energy of the
target atoms is the only material property required to solve
for the sputtering yields. A binding energy of 7.3 eV has
been used for Nb (ref. 31, also called the cohesive energy).
The calculated yields are given in Figs. C.1 and C.2, along
with some yields obtained from literature for Ar÷ - Nb (refs.
12 and 17). With argon sputtering gas, the data is fit best
by Bohdansky et al.'s formula below 400 eV bombardment energy,
but above 400 eV both formulas appear adequate. When
sputtering with xenon gas, Yudin's formula gives a yield which
is about 1.4 times higher than that of argon (Figs. C.1 and
C.2), but Bohdansky et al's formula gives a yield of about the
same value as that with argon gas (Fig. C.2). I have found
that when sputtering Nb at a given deposition rate, a lower
Xe+ beam current can be used than Ar'. Barring any significant
changes in the angular distribution of sputtered species, this
would indicate a larger yield when sputtering with xenon.
Therefore, for sputtering with xenon the yield values from
Yudin's formula appear to be more appropriate. For modeling
the reactive sputtering process (see Chapter 5), I have used
the sputtering yields from Yudin's formula for the sputtering
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Figure C.1 Sputtering yield of Nb under Ar+ or Xe+
bombardment as calculated using Bhodansky et al's formula
(indicated by a (1)) and Yudin's formula (indicated by a (2)).
The points represent measured values of the sputtering yield
of Nb under Ar÷ bombardment (from refs. 12 and 17).
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Figure C.2 Sputtering yield of Nb under Xe÷, Ar ÷ , N2 , or N+
bombardment as calculated using Bhodansky et al's formula
(indicated by a (1)) and Yudin's formula (indicated by a (2)).
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ENERGY (eV)
of Nb with either Ar÷ (S r) or Xe÷ (S .e) With the sputtering
set-up I used in this work, the incident ions are at 300 from
the target normal, not perpendicular to the target as the
formulas are designed for. The sputtering yield increases as
the angle of incidence increases (reaching a maximum at about
600 from the normal20 ), but the change in sputtering yield for
300 incidence is rather small.2
0
The Nb sputtering yields obtained from the formula with N2÷
and N+ bombardment are shown in Fig. C.2 in order to show what
values could be expected if sputtering with these gases, as
occurs when nitrogen is added in the ion source during
sputtering. Values of the sputtering yield of nitrogen on Nb
could not be found in the literature. Incident molecules may
not sputter with the same yield as single atoms of equal mass
would, so the values obtained for N2÷ may not be realistic.
Using these formulas to obtain a value for the sputtering
yield of the N or Nb once the target has reacted would be less
realistic. Most of the sputtered species originate from the
top few atom layers.2" The nitrogen is on the surface, so
choosing an appropriate binding energy could give a reasonable
yield. For the Nb, the situation is not as clear, since the
nitrogen would now cover much of the surface. Obviously, the
effective binding energy would have to be increased to result
in a lower sputtering yield (the deposition rate decreases
when the target reacts), although in reality the binding
energy may not have changed at all.
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If the sputtering yield of the N atoms (S Ar) under 1200 eV
argon ion bombardment is assumed to be 0.95 (as is extracted
from the modeling of target coverage, Chapter 4), Yudin's
formula predicts a binding energy of 4.0 eV. Under 1000 eV
argon bombardment, a value of 0.88 for SnAr is extracted, which
also gives a binding energy of 4.0 eV. This seems to be a
reasonable value for the binding energy (the heat of formation
of NbN from Nb and N2 at 298 K is -56,800 cal/mol (ref. 172);
this corresponds to an energy of 2.47 eV per N atom).
C.2. ATOM ARRIVAL FLUXES
THERMAL GAS FLUX:
The thermal gas arrival flux is obtained from kinetic
theory, as given by Dushman169:
FLUX (molecules/cm2.s) = 3.513E+22-P/(M-T) 1/2
where P is the gas pressure in Torr, M is the mass in g/mol,
and T is the absolute temperature. For N2 gas at 300 K, the
arrival flux equals 3.84E+20.P molecules/cm2 s.
ION FLUX:
The ion flux is obtained simply by converting the measured
ion current to an atom flux by
ION FLUX (ions/cm2.s) = I/(A-e) ,
where I is the current in Amps (Coulombs/s), A is the current
collecting area in cm2, and e is the electronic charge
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(1.602E-19 Coulombs). This assumes that all ions are singly
charged, which is expected to be true for the ion-source
discharge parameters used.
C.3. X-RAY DIFFRACTION PARTICLE SIZE DETERMINATION
The line broadening of X-ray diffraction peaks can be
related to the film particle size using the Scherrer
equation, 1i0
t (A) = 0.9-1 /(B-cose,) ,
where 1 is the wavelength of the radiation used (1.5418A for
Cu(Ka) radiation), 98 is the Bragg angle of the diffracted
peak, and B is the extra line broadening due to particle size
effects (in radians). Assuming the diffraction peak to be
Gaussian in shape,101 the extra broadening B is given by (Bmas2_
Bimt2) 1/21 where Bmas is the measured full width of the peak at
half-maximum (FWHM), and Bim t is the instrumental broadening at
FWHM obtained using a powder standard having grains large
enough that no size effects are present (grain size larger
than about 2000 A). This equation is appropriate for grain
size determination of grains less than 2000 A in size, and is
only strictly applicable if no other effects are present which
would also broaden the lines, such as nonuniform strain, twins
and other stacking faults. However, this equation should
always be appropriate for determining a lower bound for the
grain size.
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C.4. X-RAY DIFFRACTION FILM STRESS DETERMINATION
A shift in an X-ray peak from the expected Bragg angle can
be due to a uniform film stress.101 A uniform film stress
occurs when heating or cooling a film on a substrate which has
a different thermal expansion coefficient, and is often
observed in as-deposited films. This type of film stress
would be biaxial, acting in the plane of the film (x-y plane),
with the free surface having no applied stress (the z-
direction). However, the biaxial stress produces a strain in
the z-direction, and this strain is measured as the line shift
in the diffraction pattern. With conventional 9/2e
diffractometry, the planar spacing in the z-direction is
measured. This strain in the z-direction e. is related to the
measured and equilibrium interplanar spacings d. and do, and to
the principle stresses in the x and y directions ax and ao by101
Ez = (d -do)/do = -(v/E) (x+ay)
where v is Poisson's ratio (0.38 for Nb (ref. 146)), and E is
the modulus of elasticity (103 GPa for Nb (ref. 146)). So,
from the measured shift in the lattice parameter, the sum of
the principal stresses is obtained. [For a cubic Nb thin film
(on an amorphous (SiO2) substrate) which is oriented with its
(110) parallel to the substrate and randomly oriented in the x
and y directions, there is no reason to believe that the x and
y stresses are not equal.]
If there are significant amounts of impurities in a film,
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the lattice dilation could be uniform in all three directions.
In that case a shift in the lattice parameter would not be due
to a biaxial stress as described above. A substitutional
alloy which is off in composition may also show shifts in the
lattice parameter. So, the equation presented here will only
be applicable in certain cases.
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APPENDIX D
CALCULATED TOTAL ENERGY DEPOSITED PER
NIOBIUM ATOM DURING SPUTTERING
In this section, a calculation is presented describing the
expected total energy incident on the growing film per Nb atom
rE(total)/Nb] as a function of incident ion energy. This
should allow a rough prediction of how the growth conditions
change when changing the incident ion energy during sputtering
(at least when gas phase collisions are negligible).
In this treatment, the atoms incident on the film are all
counted, even though it is known that all Nb atoms may not
stick, and that all energetic noble gas atoms will not
actually deposit all their energy into the film. Knowledge of
the yield and energy distributions of the sputtered and
reflected species are required to form this model, and how
each varies with incident energy.
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GENERAL APPROACH
When sputtering at a given incident energy Eo, one obtains
a distribution (intensity versus energy) of sputtered atoms
S(E) and reflected atoms R(E). The average energy of the
sputtered atoms Es and reflected atoms Er is given by
Es = E-S(E)dE and Er = L E*R(E)dE , (D.1)f S(E)dE f R(E)dE
where the numerator describes the total energy deposited, and
the denominator is the integrated intensity (or total number
of particles). Therefore, the average energy incident at the
substrate per sputtered Nb atom can be expressed by
ENb = Es + Er*(f R(E)dE/f S(E)dE) , (D.2)
where the first term is the average energy per sputtered atom,
and the second term descibes the additional energy deposited
by the reflected species, per sputtered Nb. The expression in
parentheses on the right hand side describes the fraction of
reflected species to sputtered species, and so this is
equivalent to the reflection coefficient (or reflected yield)
divided by the sputtering yield, R/SNb. So, in simplified
form, the average energy at the substrate per incident Nb is
given as
ENb = Es + Er" (R/SNb) " (D.3)
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Therefore, the quantities necessary to define the energy
deposited per Nb atom are the average energies per sputtered
atom and reflected atom, and the sputtering yield and
reflection coefficient. This dependence of these quantities
on the incident ion energy must then be obtained for this
analysis.
D.1 SPUTTERING YIELD
The dependence of the sputtering yield on ion energy is
fairly well known, and has a fairly characteristic shape. An
simple expression for the depence of the sputtering yield on
ion energy for a variety of ion-target combinations was
obtained empirically by Bhodansky et al. 19, and is listed in
its entirety in Appendix C. Using the parameters for the
sputtering of Nb by Ar, the expression obtained for the
sputter yield is
SNb = 0.446-(E/41.7) 1/4 (1-41.7/Eo)  . (D.4)
D.2 AVERAGE ENERGY PER SPUTTERED PARTICLE
In a Monte Carlo simulation, Biersack and Eckstein20 show
that when sputtering Ni by Ne÷, the average energy per
sputtered atom is expected to scale with the incident energy
as Es = Eo0 39 . (D.5)
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The mass ratios of Ne/Ni and Ar/Nb are fairly close, and this
relation should be a valid description in general, although
the absolute values could be slightly off. However, the
values obtained from Eq. D.5 agree favorably with those of an
experimental study by Dembowski et al.27 in which the average
energy of Nb sputtered with Ar÷ was measured (at 600, 1000,
and 2000 eV).
D.3 REFLECTION COEFFICIENT
Biersack and Eckstein20 have derived the reflection
coefficient of Ne from Ni using the TRIM.SP Monte Carlo
simulation. Because the mass ratio of these atoms is similar
to that of Ar/Nb, the reflection yield of Ar from Nb is
expected to be similar, and have the same functional
dependence. It is reasonable to assume that the functional
dependence of the reflection coefficient on energy would have
the form as the variation of cross-section with energy.
10
',1
The reflection coefficient would then be expected to have the
following form:
Re = [k I + k2 1ln(v)] 2 , (D.6)
where ki and k2 are constants, and v is the velocity of the
ion, which can also be given by (2E/m) /2 , where m is the mass
of the ion. By fitting this expression to the results of the
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computer simulation of Ne reflected from Ni (ref. 20), the
expression
Re = (0.816 - 0.0578l1n(Eo)] 2  (D.7)
is obtained, which matches the simulation of Biersack and
Eckstein quite well.
D.4 AVERAGE ENERGY PER REFLECTED PARTICLE
This quantity is the least known of all the quantities
needed. Because elastic collisions are involved in the
reflection process, it is expected that the reflected energies
would scale linearly with the incident energy. This assumes
that the same types of collisions are occurring as the energy
is changed. This will not be strictly valid, because the
decrease in the reflection coefficient with energy reveals
that the collision process must be changing somewhat. The
average energy per reflected atom will be given by
Er = (constant) Eo . (D.8)
In the ion-beam sputtering experiments presented here, the
reflected argon must scatter 1350 to strike the growing film.
Assuming that singly scattered ions are representative of the
overall reflected atom energies, the constant would equal 0.2
(ref. 35).
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AVERAGE ENERGY DEPOSITED PER Nb ATOM
Therefore, substituting Eqs. D.4, D.5, D.7, and D.8 into
Eq. D.3 gives the desired expression. In Fig. D.1, the
sputter yield and reflection coefficient calculated are shown
as a function of the incident ion energy. Note that as the
ion energy increases, the sputter yield increases and the
reflection coefficient decreases; this indicates that the
number of reflected atoms relatively decreases with increasing
ion energy. However, as shown in Fig. D.2, the energy of
reflected atoms increases faster than the energy of sputtered
atoms, and this has the overall effect of causing the average
energy per sputtered Nb to increase somewhat with increasing
ion energy, as shown in Fig. D.2.
The two main features to note from the dependence of the
total incident energy per Nb atom is that 1) at very low
energies, the sputtering yield drops so low that the reflected
atoms dominate, and 2) at high energies the fast increase of
the reflected energies causes the total energy per Nb to
continue to increase even though the amount of reflected
particles decreases. Observe that at around 300 eV a minimum
occurs in the deposited energy, and that the deposited energy
changes only slowly with increasing ion energy.
If sputtering with a different noble gas, such as xenon, the
expression for the sputter yield, reflection coefficient, and
reflected energy would all need to be changed. Using a ;
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Figure D.1 Modeled sputtering yield of Nb (Eq. D.4) and
reflection coefficient of argon (Eq. D.7) as a function of
incident Ar+ energy.
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Figure D.2 Modeled values of the energy per sputtered Nb atom
(Eq. D.5), energy per relected argon atom (Eq. D.8), and
overall incident energy per arriving Nb atom (Eq. D.3) (which
is the overall result of this modeling).
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heavier sputtering gas such as xenon would bring the total
energy per Nb atom nearer to the energy of the sputtered Nb,
which is the minimum obtainable energy (barring effects of gas
phase collisions).
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